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Abstract 
 
After the initiation of the human genome sequencing project and the introduction of the 
field of ‘bioinformatics’, interest in human genetic diversity studies has been increased. 
Sequence diversity has helped define differences between genes and genomic regions that 
were previously unknown or difficult to determine. In this thesis I have undertaken to 
study sequence diversity in the human genome in three areas; 1) investigated diversity in 
the MHC as represented by the MICA alleles with respect to the known HLA alleles, 2) 
investigated the structure and diversity in the intergenic region from an MHC related 
(paralogous) genomic region and related the structural and diversity findings to the 
knowledge available on the MHC and the wider genome, and 3) described the 
identification of three and characterization of five new MHC class I polymorphic markers 
(Alu) and their polymorphic characteristics in worldwide populations and their 
associations with skin cancer. 
1.  Phylogenetic analysis of MICA alpha-domain (extracellular) sequences demonstrated 
relationships with HLA-B cross-reactive serogroups. The HLA-B and MICA loci are in 
linkage disequilibrium. The data indicated that MICA and HLA-B have evolved in 
concert from their common ancestors and that the transmembrane polymorphisms have 
arisen independently and more recently.  
2.  Sequence analysis of the CD1 genomic region confirmed the presence of five CD1 
genes and revealed that there are four unrelated intergenic regions (IGRs). The IGRs are 
composed mostly of retroelements including five full-length L1 PA sequences and 
various pseudogenes. Genomic and phylogenetic analyses support the view that the 
human CD1 gene copies were duplicated prior to the evolution of primates and the bulk 
of the HLA class I genes found in humans.  
3.  Five polymorphic Alu insertions (POALINs) were identified (two from previous 
studies) and located within the 1.8 megabase of the MHC class I genomic region. All five 
POALINs are polymorphic, and are positively associated with the HLA-A and HLA-B 
alleles. The AluyHJ insertion was found most frequently associated with HLA-A1 or A24, 
AluyHG with HLA-A2, AluyHF with HLA-A2, A-10 or -A26 and AluyTF showed a 
marginal association with HLA-A29. The AluyMICB insertion was strongly associated 
with HLA-B17 (HLA-B57, HLA-B58) and HLA-B13. The presence of three Alu insertions  
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(AluyHJ, AluyHG and AluyHF) was found in only one HLA class I haplotype (HLA-A1, 
-B57, -Cw6) in the 10
th IHW cell lines. A novel positive association between the presence 
of AluyMICB and the ‘MICAdel/MICBnull/HLA-B48’ haplotype was determined. The 
AluyMICB insertion was also associated with at least three different MICB alleles 
(*0102, *0107N and *0105) and three different HLA-B alleles (B13, B48 and B57). 
Based on the analysis of associations between different polymorphic markers within the 
beta block, the MICB*0102 allele was inferred to be the ancestral form of the 
MICB*0105 and MICB*0107N alleles. The AluyMICB polymorphism can be used to 
further investigate haplotype relationship and consequently their lineage origins. Some of 
the MHC POALINs are haplospecific and associate strongly with certain groups of HLA 
class I alleles and MHC ancestral haplotypes.  The AluyTF frequency was significantly 
associated with skin cancer (p<0.005).   
MICA gene diversity is derived from two different evolving paths, therefore one or the 
other alone cannot reliably mark an ancestral haplotype.  The CD1 duplicons originated 
well before the HLA class I duplicons. The MHC POALINs provide new lineage and 
linkage markers for the fine mapping study of different haplotypes and variations in 
linkage groups across 1.8 Mb of the MHC class I region. The POALINs may also prove 
useful in investigating the origins and history of human populations and in determining 
the role of human genetic diversity in disease risk.   
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Chapter 1  Introduction 
 
1.1 Overview 
Genetic diversity is defined as the “variations in the chromosomes, in which members of 
the community (individuals in a population) have due to a large number of slightly 
dissimilar ancestors” (on-line medical dictionary). Human genetic diversity is simply 
defined as variation in the heritable characteristics of human individuals (Huxley 1963). 
The early studies of human genetic variation considered traits that were visible, such as 
ear shape, eye colour, stature, hair, etc. Today a large amount of effort is placed on 
studying the diversity at the genomic level. This thesis is a comprehensive study on 
human genetic diversity of polymorphic Alu insertions and the structural diversity within 
the Major Histocompatibility Complex (MHC) class I genomic region. My interest in the 
studies of diversity within this region developed subsequently to the co-discovery of the 
"MHC class I related chain" (MIC) genes alternatively called "Perth Beta-block 11 
transcript" (PERB11) gene complex within the MHC (Leelayuwat et al 1994; Barham et 
al 1994) and the commencement of the 'human genome sequencing project' (Watson et al 
1991). Consequently, I undertook the characterization of genetic diversity at three 
different levels within the MHC class I region. Firstly, gene diversity was investigated 
and compared between the most polymorphic classical MHC class I locus, the "human 
leucocyte antigen B" (HLA-B) locus and the most polymorphic MHC class I-like locus, 
"MHC class I related chain A (MICA)" locus. Secondly, the structure and genetic 
diversity was compared and analysed in the intergenic region between the MHC class I 
region and an MHC related (paralogous) genomic region located on a different 
chromosome (chromosome 1). Thirdly, the genetic diversity of insertion/deletion 
sequence elements was investigated within the intergenic regions of the MHC class I 
region. In particular, I describe my collaborative studies on the identification and 
characterization of new MHC class I polymorphic Alu insertions (POALINs) and their 
polymorphic characteristics in nine geographically different populations and their 
associations with skin cancer. 
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1.2 Thesis  Structure 
The thesis is presented as a series of published and unpublished papers and includes a 
introductory literature review and a general discussion that brings all the work together 
into a number of conclusions.  Of the 13 papers in the thesis, 7 have been published, 2 
have been accepted for publication and 4 are unpublished but have been prepared in a 
selected journal format for submission. After the introductory chapter 1, which includes 
the introduction and aims of the thesis, I present Chapter 2 that is the literature review of 
the background knowledge to my studies on genetic diversity within the MHC class I 
region. The literature review begins with a brief historical development of genetic 
diversity from the introduction of Darwin's 'evolutionary theory' and 'natural selection' to 
the present field of 'bioinformatics'. Human genetic diversity within the MHC class I 
region constitutes the main emphasis of this thesis, therefore the literature review 
contains an overview of the role of the MHC, the sequencing projects, MHC genes and 
haplotypes and intergenic/intronic diversity. Chapter 3 presents the materials and 
methods divided into three main sections; the bioinformatics materials (tools) and 
strategies (methods), the biological (wet laboratory) materials and methods, and the data 
analysis methods. The results of my collaborative studies are presented in Chapter 4 as a 
series of published and unpublished papers grouped into 7 sections with a prelude to each 
paper on the author contributions. Each paper is presented in the style required by the 
publishing journal and includes it's own reference list. Chapter 5 is the general discussion 
and conclusions of the studies presented in this thesis. The thesis ends with an overall 
reference list. 
 
 
1.3 Aims 
The seven aims of this thesis and a brief justification for each aim are listed below. 
Aim 1: To determine the associations between HLA-B alleles and MICA alleles with 
respect to the MICA extracellular and transmembrane domains. A clear knowledge of 
the structural association between HLA-B alleles and MICA alleles is important because  
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MICA may have some influence in the diversity of the MHC, where different 
associations may have different effects on the outcome of disease association even 
though the HLA-B alleles are the same. In order to better understand the structural 
associations between HLA-B alleles and MICA alleles, a study was undertaken to 
compare the HLA-B serological groups and the MICA extracellular and transmembrane 
domains. The background, results and discussion of this study are presented in Chapter 4 
section 4.1. 
 
Aim 2: To determine the diversity in the intergenic (intervening sequences-IVS) regions 
in the MHC related regions (MHC paralogous region) on chromosome 1 (CD1 gene 
family) and compare them to the MHC intergenic regions. The CD1 gene sequences are 
more closely related to the HLA class I genes than to the HLA class II genes. A 
knowledge of the diversity of the CD1 gene will assist in determining the age relationship 
to the MHC class I genomic region and therefore add to the understanding of the 
evolutionary mechanisms influencing MHC diversity. The background, results and 
discussion of this study are presented in Chapter 4 section 4.2. 
  
Aim 3: To identify and characterise the polymorphic Alu insertions (POALINs) present 
within the MHC class I region. Important differences within the MHC class I region 
between individuals are observed as insertion/deletions. POALINs are a subset of 
insertions or retrotransposal activity that are stable, biallelic, (that is, they are either 
present or absent at particular sites within the genome), and have proven value as lineage 
markers for the study of human population genetics, genomic diversity and evolution. 
Chapter 4.3 presents the background, results and discussion of this study. 
 
Aim 4: To determine the polymorphic nature of MHC POALINs within several human 
populations. Are the class I POALINs polymorphic in all populations? Knowledge of the 
polymorphic nature of the POALINs is important because it will indicate whether any of 
the POALINs will be informative as genetic markers in population diversity studies. A 
comprehensive study of 4 Asian, an Australian Caucasian and 4 Southern African 
populations was carried out. The results and discussions are presented in chapter 4.4. 
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Aim 5: To determine the haplotypic involvement of the POALINs with the HLA-A and 
HLA-B alleles. To understand the haplotype lineage is important because two different 
lineages could be incorrectly accepted as a single lineage if the POALINs are ignored. In 
order to show the haplotypic involvement of the POALINs, a haplotype study was carried 
out to show the lineage association between POALIN, HLA and MIC alleles.  The results 
and discussions are presented in chapter 4.5. 
 
Aim 6: To determine if the POALINS are associated with skin cancers. Knowledge of the 
association between POALINs and skin cancer is important because a recent study 
identified a susceptibility genomic region for skin cancer within the MHC genomic 
region between the MICB and DDR genes. In order to better define the relationship, a 
comparative analysis between skin cancer patients and controls for the MHC class I 
POALINs was carried out. The results and discussions are presented in chapter 4.6. 
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Chapter 2      Literature Review 
2.1   Brief History of Genetic Diversity  
2.1.1   Darwin and Beyond   
Diversity studies were conducted more than 150 years ago. Charles Darwin's publication 
“On the Origin of Species” in 1859 introducing the “theory of evolution” and “natural 
selection” was a foundation piece of work for the biological sciences (Darwin 1859). 
However, Gregor Mendel, was the first mathematical biologist who statistically analysed 
the results of pea plants whose characteristics (trait) could clearly be identified (Mendel 
1866). In 1869, a little over three years after Mendel's paper, a Swiss chemist Johann 
Friedrich Miescher discovered that white blood cells contained a compound which was 
acidic, phosphorus rich, which he named "nuclein" (James 1970). This was 
deoxyribonucleic acid (DNA), even though it would be another 60 years before it was 
realized that “nuclein” was human genetic material (Lee 1991; Judson 1979; Tiley 1983). 
Wilhelm von Waldeyer named the "hereditary particles" in the cell "chromosomes" 
(Waldeyer 1821). Bateson named Mendel's inherited factors "allelomorphs" (Bateson 
1902) later shortened to "alleles" (Rickard, 1967).  
A combination of Rosalind Franklin's x-rays of DNA and a report on the structure of 
DNA by Linus Pauling led Watson and Crick to the famous discovery of the DNA double 
helix (Watson and Crick 1953). Watson and Crick's discovery has led to a number of 
biological advancements within the field of genetics and genetic diversity.  
 
2.1.2 Genetic  Diversity 
After Mendel's work was rediscovered, the new field of “Genetics” went in several 
directions. The ‘T. H. Morgan school’ discovered white-eyed fruit flies, and founded 
methods for linkage analysis of genes and constructing genetic maps. The ‘Garrod 
school’ studied the metabolic control of genes, and eventually the phenotypic effects, 
especially on disease. Mathematical approaches were developed to determine how genes  
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get shuffled around in a population. That led to the famous Hardy-Weinberg formula that 
relates the frequency of alleles to that of genotypes (Hardy 1908 and Weinberg 1909). 
The main conditions for satisfying the Hardy-Weinberg formula are random mating 
(panmixis), a large population, equal viability of the different genotypes and no forces 
acting to change the allele frequencies (Cavalli-Sforva et al 1969). Although genes are 
expressed in individuals, many problems of genetics concerns groups of individuals and 
can only be solved by considering the entire group or population, a motivation for the 
study of population genetics (Cavalli-Sforva et al 1969). 
Genetic variability (genotype variation) between individuals within a population is 
measured in a number of ways. It is helpful to use genetic markers that have 
codominantly expressed genotypes (Cavali-Sforza et al 1969). For this reason, simple 
blood groups (Lazzatto 1973), isozyme markers (Cavali-Sforza et al 1969, Dunn 1990) 
and RFLPs (Botstein et al 1980, Morris et al 1991) were commonly used. Isozymes (or 
allozymes) are the allelic variants in electrophoretic mobility that exists for many 
enzymes. RFLPs are restriction fragment length polymorphisms. Both of these types of 
markers are codominant (heterozygotes can be quickly identified because both bands 
show up), as are the newer genetic markers such as microsatellites and other DNA 
fragment analysis.  
By using isozyme data, it has been estimated that approximately 20% of enzyme genes 
are polymorphic (Hartl et al 1994). A gene is said to be polymorphic if the most abundant 
allele has a frequency of equal to or less that 0.99, that is, the least frequent allele has a 
frequency equal to or greater than 0.01 (Cavalli-Sforza et al 1969). This suggests that the 
genetic variability of most natural populations is very high.  
A "genome" is an organism's complete set of genes and chromosomes. This term is       
more than 80 years old, and was created by elision of the words GENes and 
chromosOMEs (McKusick 1997). The term "genomics" was used to describe the 
scientific discipline of mapping, sequencing and analysing whole genomes, which 
includes all nucleotide sequences, both genes and non-coding regions (McKusick 1998). 
The word genomics is now universally accepted (Hieter and Boguski 1997). The quest 
was now directed in determining diversity at the nucleotide level and this led to the  
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sequencing (established by Sanger and Coulson 1975 and Maxam and Gilbert 1977) 
initiative, facilitating the deciphering of the genetic code of particular segmental regions. 
In 1980, linkage analysis used ‘variable’ DNA markers (Botstein et al 1980), which was 
an important advancement on the traditional method of using ‘known’ markers such as 
blood groups and isoenzymes. The field of genomic diversity emerged as scientists 
sought to identify variations within genes and subsequently genomic regions between 
individuals and population groups. 
 
2.1.3 Bioinformatics 
 
The science of bioinformatics or computational biology has developed out of the need to 
manage and analyse biological data especially the sequencing data from the various DNA 
sequencing projects. Bioinformatics is the recording, annotation, storage, analysis, and 
searching/retrieval of nucleic acid sequence (genes and RNAs), protein sequence and 
structural information. This includes databases of the sequences and structural 
information as well as methods to access, search, visualize and retrieve the information 
(Baldi et al 1998; Wang et al 2004). 
 
 
2.2  Human Major Histocompatibility Complex (MHC) – 6p21.3 
The human major histocompatibility complex (MHC) was first called the human 
leukocyte antigen (HLA) after Dausset’s description in 1954 (Dausset 1954) and the 
subsequent confirmatory descriptions (Dausset 1958; Dausset and Brecy 1957; Payne and 
Rolfs 1958). The antigen was initially detected by an absorption assay (van Roodt1962; 
van Rood et al 1958), followed by the improved complement fixation test (Shulman et al 
1962, 1964) and then by the much improved microlymphocytotoxicity test (Amos et al 
1969; Terasaki and McClelland 1964) and the mixed lymphocyte reaction (MLR) assays 
(Bach and Voynow 1966). Most laboratories are still presently using variations of these 
tests. HLA diversity was primarily studied by using allo-antisera specific to particular 
allelic gene products whereby, more than 81 allelic antigens were identified (Tsushima et  
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al 1995). An HLA-‘blank’ allele was also classified to explain the unidentifiable, under 
expressed antigens or antigens belonging to a cross-reactive group (CREG) (Goodfriend 
1975). An example of the HLA-B CREGs is shown in Figure 2.1 (adapted from Rodney 
and Fuller 1987). Some antigens belong to more than one CREG, for example, the 
antigen ‘18’ belongs to groups 5 and 8. 
51 35 70 62 57
52 53 63 58
5
65 18  49 50
64 8 59 27 44 45
82 7 1 2
38 39 67 42 37  
55 7 47 13
7
54 56  61 60
  40 48 41
 
Figure 2.1.  A diagram showing the pattern of cross-reactivity among HLA-B alleles. The 
CREG designations are shown in bold italics. Each CREG is made up of a set of allelic 
group that is enclosed by a square. Some alleles are cross-reactive between CREGS. 
(This Figure is based on one in Rodney and Fuller, 1987). 
 
The revolution of DNA-based technology and its application to the identification of HLA 
polymorphism at the nucleotide level has led to the increase and more accurate 
classification of the HLA diversity. HLA alleles have been identified by restriction length 
polymorphisms (RFLP) analysis (Bell et al 1987; Bidwell et al 1987; Bodmer et al 1987;  
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Dormoy et al 1992; Hongming et al 1986; Inoko et al 1986; Lin et al 1989; Moller et al 
1985; Segurado et al 1990; Sheldon et al 1986; Tilanus et al 1986), polymerase chain 
reaction (PCR) and RFLP combined assays (Hviid et al 1992; Maeda et al 1989; Medintz 
et al 1994; Salazar et al 1992; Tanaka et al 1992; Yunis et al 1991), sequence-specific 
oligonucleotide probing of PCR products (SSOP) (Cereb et al 1995; Erlich and 
Gyllensten 1991; Gao et al 1994; Kimura and Sasazuki 1992; Middleton et al 1995; 
Petersdorf et al 1991; Wordsworth 1991), sequence-specific PCR priming (PCR-SSP) 
assays (Bunce et al 1994; Krausa et al 1995; Olerup and Zetterquist 1991, 1992; 
Zetterquist and Olerup 1992), heteroduplex analysis and conformational polymorphism 
assays (Oka et al 1994; Rubocki et al 1992; Shintaku et al 1993; Sorrentino et al 1992; 
Uhrberg et al 1994; Yoshida et al 1992) and sequence-based typing (SBT) assays 
(Garcia-Sanchez et al 2002; Mizuki et al 2001; Ramon et al 2003; Rozemuller et al 1993; 
Santamaria et al 1992, 1993; Scheltinga et al 1997). A combination of all the above 
technologies has been used to classify and name the MHC genes (Marsh 2003). 
 
2.2.1   Role of the MHC in Disease 
Genotyping of the HLA genes (MHC genes) is commonly referred to as ‘tissue-typing’ 
and the main reasons for carrying out ‘tissue-typing’ include, matching for organ 
transplantation, disease-association, forensics, anthropology and studies of T-cell 
mediated immunity. Human chromosome 6 is best known for its involvement in 
immunity, and is the home of the MHC. Of the 224 identified human genes, an estimated 
40% have functions associated with the immune response and participate in diverse 
pathways, e.g. antigen processing, antigen presentation and T-cell interaction (Chien et al 
1984; Hedrick et al 1984; Townsend et al 1986; Ziegler and Unanue 1984; Zinkernagel 
and Doherty 1974). The association of the HLA class I allele HLA-B27 with the 
rheumatic disease ankylosing spondylitis was the first autoimmune disease association 
reported (Brewerton et al 1973).  Most HLA associations have been described with 
susceptibility to autoimmune disease (Table 2.1), however, only a few reports of non-
autoimmune HLA associations have been described, some of which are; malaria with 
B53 and DRB1*1302 (Hill et al 1991), leprosy with DR (van Eden et al 1985), chronic 
Lyme Disease with DR4 and DR2 (Steere et al 1990), Hodgkin’s Disease with A1 and B8  
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(Hors and Dausset 1983), papilloma virus with DQw3 (Bavinck et al 1993) and 
narcolepsy with DQB1*0602 (Chabas et al 2003).  
 
 
 
 
 
Table 2.1. Diseases Associated with HLA Alleles. Prepared from references cited 
in the text of 2.2.1 
 
Disease HLA  Alleles 
Acute Anterior Uveitis  B27 
Acute Lymphoblastic Leukemia  A2 
Addison's Disease  Dw3 
Ankylosing Spondylitis  B27 
Celiac Disease  B8, Dw3/DR3 
Chronic Hepatitis  B8, Dw3/DR3 
Chronic Lymphocytic Leukemia  B18 
Chronic Myeloctyic Leukemia  A2 
Congenital Adrenal Hyperplasia  B47 
Goodpasture’s syndrome  DR3 
Graves' Disease  B5, B8, Bw35, Dw3/DR3 
Hashimoto's Thyroiditis  Dw5/DR5 
Hemochromatosis A3 
Hodgkin's Disease  A1, A11, B8, B15 
Juvenile Arthritis  B27, Dw5 
Juvenile-onset Diabetes Mellitus Dw3/DR3,  Dw4/DR4 
Multiple Sclerosis  A3, B7, Bw2, Dw2/DR2 
Myasthenia Gravis  B8, Dw3/DR3 
Pemphigus vulgaris  DR4 
Psoriasis  A1, B13, Bw37, Cw6 
Reiter's Syndrome  Dw8, B27 
Rhematoid Arthritis  Dw4/DR4 
Systematic Lupus Erythematosus  Dw3/DR3 
Behcet’s Disease  B51 
Narcolepsy DQB1*0602 
 __________________________________________________________________ 
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2.2.2   Genomics of the MHC 
The human MHC is located on the short arm of chromosome 6 at band position 21.3 
(6p21.3) (Campbell and Trowsdale 1993).  Approximately 224 genes have been 
identified within this 4 Mb of genomic DNA (The MHC sequencing consortium, 1999). 
 
 
Figure 2.2. Division of the MHC on chromosome 6 into the class I, class II, and class III 
regions and the HLA genes present in each sub-region. 
 
 The MHC is divided into 3 main genomic regions (Figure 2.2) based on gene structure 
and function. These regions are identified as the class I, class III (or central MHC) and 
class II (telomere to centromere). The class I and class II genes, mainly the classical HLA 
(human leukocyte antigen) genes, encode glycoproteins that transport foreign peptides to 
the surface of cells for recognition by T-cell receptors on lymphocytes, which in turn kill 
infected cells (Klein, 1986). The class III region contains amongst others, the 
complement genes (Alper et al 1989). The region between the class I and the class III 
region has recently been called the class IV region, which includes the TNF gene family, 
AIF1 and HSP70 genes (Greun and Weissman 2001). The MHC region is the most ‘gene-
dense’ region of the human genome. A detailed map (Figure 2.3) of this region reveals a 
high number of HLA genes and pseudogenes, in addition to other loci of HLA-related, 
unrelated or unknown function (Campbell and Trowsdale 1993; Trowsdale 1997). Most  
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of these genes exhibit allelic variation, some of them being amongst the most 
polymorphic genetic markers known in the human population (Bodmer et al 1997). The 
statistical measure of linkage disequilibrium has become a prominent characteristic of the 
MHC since the early description of multilocus polymorphism (Dausset et al 1978). Since 
then, a large number of ‘extended’ haplotypes have been described (Bodmer et al 1997). 
The concepts of haplotypes have been extended to include the simple two closely located 
locus relationships to the enormously huge 4 Mb genomic region based on only a few 
loci (Yunis et al 2003). Although the boundaries of these haplotypes are not defined, 
some researchers have described them as ‘frozen’ blocks, which are inherited as an intact 
unit from their ancestral form, and called them ‘ancestral haplotypes’ (Dawkins et al 
1999). 
TELOMERIC
CENTROMERIC
Figure 2.3.  Modified from Campbell and Trowsdale (1993).  
 
13
2.2.2  The Human Chromosome Sequencing Project 
Subsequent to the announcement of the completion of the human genome project on the 
14
th April 2003, the mapping, sequencing and analysis of chromosome 6 was completed 
(Mungall et al 2003). Human chromosome 6 is the 6
th largest of the 23 pairs of 
chromosomes (22 pairs plus an X- and a Y-chromosome in males) but is the 2
nd largest of 
the submetacentric chromosomes. The finished sequence comprises 1.67x10
8 base pairs, 
representing the largest chromosome sequenced thus far (Mungall et al 2003). The largest 
cluster of transfer RNA (tRNA) genes is present and is co-localised with a region of high 
transcriptional activity, which helps to translate the DNA sequence into proteins.  
 
The human MHC Haplotype project set a goal to sequence eight haplotypes selected on 
the bases on their relevance for type 1 diabetes susceptibility or resistance and for 
multiple sclerosis susceptibility (Allcock et al 2002). Three completed MHC class 1 
sequences from a combination of different haplotypes are already available in the public 
domain database. ‘The Welcome Trust Sanger Institute’ 
(http://www.sanger.ac.uk/HGP/Chr6/RFP_to_KNSL2.fasta) also has the consensus 
sequence that contains sequences from three centres; the Welcome Trust Sanger Institute 
sequence, the Tokai University sequence (from BOLETH and CGMI cell-lines) (Shiina et 
al 2001) and the University of Washington Genome Center (CGMI cell-line) 
(unassembled genebank entries) (Janer and Geraghty 1998).  
 
2.2.3 MHC  Paralogy 
The human genome contains regions that are paralogous to the MHC (Kasahara et al 
1996, 1997; Katsanis et al 1996). Paralogous regions are defined as the chromosomal 
segments that contain closely linked groups of duplicated regions that are present in 
different regions of the genome (same or different chromomsomes).  Table 2.2. lists the 
MHC class I paralogous genes on chromosomes 1, 9 and 19 (from Kasahara 1999). The 
CD1 gene family is paralogous to the class I HLA gene family. 
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Table 2.2. Distribution of paralogous copies in the HLA class I region
a 
  Chr 6 (HLA)  Chr 9  Chr 1  Chr 19 
 Gene  symbol
b  Gene 
symbol 
Gene 
symbol 
Gene 
symbol 
MHC class I gene  MICB    CD1   
MHC class I gene   MICA    CD1    
Ubiquitin specific protease  USP8 
KIAA0055) 
   
MHC class I gene   HLA-C    CD1    
POU domain transcription factore   POU5F1  
(OTF3) 
  POU3F1 
(Oct-6) 
 
Transcription factor   SC1     
Corneodesmosin (S protein)   CDSN  (S)      
52 kD subunit of transcription factor TFIIH  GTF2H4 
(TFIIH) 
   
Neurotrophic tyrosine kinase 
receptor 
DDR 
 (NTRK4)  
NTRK2 NTRK1  
Differentiation dependent gene   DIF2 (PRG1)      
Tubulin beta   TUBB1 TUBB2    
KIAA0170/MSF (megakaryocyte 
stimulating factor) 
KIAA0170     MSA   
Unknown   RPL7     
DEAD/H box polypeptide   DDX16  
(DBP2) 
   
Protein phosphatase 1, regulatory subunit 
10 
PPP1R10     
ABC superfamily   ABC50  (TSAP)      
Possible GTP-binding protein  GNL1  (HSR1)      
MHC class I gene   HLA-E     CD1    
GTP-binding nuclear protein Ran   TC4     
Acid finger protein   ZNF173     
Unknown   RFB30     
Hemochromatosis candidate gene I   HCGI     
Hemochromatosis candidate gene V  HCGV     
Unknown   HTEX4     
Hemochromatosis candidate gene XIII  HCGXIII     
MHC class I gene   HLA-A    CD1   
MHC class I gene   HLA-G    CD1   
MHC class I gene   HLA-F    CD1   
Myelin oligodendrocyte glycoprotein  MOG     
GABA B receptor  GABBR1 GABBR2    
Diubiquitin   DUB     
Ring finger protein   RFP     
Olfactory receptor cluster*  OLFR2   OLFR3    OLFR 
Histone gene cluster  H1, H2A, H2B, 
H3, H4 
H2A, H2B, 
H3, H4 
   
MHC class I gene   HFE     CD1   
        
 
a Genes are arranged from centromere (top) to telomere (bottom). 
b Some genes have no officially approved symbols. In such cases, gene names that appear in the UniGene 
database are used. Alternative names are given in parentheses 
*Olfactory receptor clusters have been found on every chromosome (except chromosome Y) but OLFR2 
and OLFR3 are phylogenetically very close. 
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2.2.5  Diversity and Population Studies 
The polymorphic strength of the multi-locus HLA system to single out individuals in 
paternity testing has been shown to be greater than the additive strength of many other 
polymorphic enzymes and blood groups (Dunn et al 1989).  The application of the HLA 
system in forensics has also been more informative than polymorphic enzymes and blood 
groups (McGinnis et al 1994; Tomsey et al 1999; Wu et al 1989). But it is in the field of 
human population genetics that the HLA system was most exploited, where some 
researchers have used the system to show population relationships, migrations and 
isolations (Bodmer 1996; Crane et al 1985; Gao and Serjeantson 1991; Ivanova et al 
2002; Middleton et al 2000; Naruse et al 1997; Ryman et al 1983; Santamaria et al 1991; 
Sokal et al 1989).  
 
2.2.6  MHC and MHC-related genes 
2.2.6.1 Human Leucocyte Antigens (HLA) 
The MHC has the greatest degree of polymorphism in the human genome. The numbers 
of alleles recognized at the classical loci by December 2003 are presented in Table 2.3 
(http://www.anthonynolan.com/HIG/lists/class1list.html; Marsh 2003). The total of 1007 
class I alleles and 668 Class II alleles, constitute a large number of alleles at two loci, 
and, theoretically would make it possible for each human to possess a different set of 
MHC alleles. Despite the enormous number of alleles, the number of haplotypes 
observed in populations is much smaller than theoretical expectations. This is to say that 
certain alleles tend to occur together on the same haplotype rather than randomly 
segregating together. This is called linkage disequilibrium (LD) and quantitated by a 
delta value (Begovich et al 1992; Fellous et al 1971). 
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Table 2.3. A list of the number of HLA alleles. 
HLA Locus  Number of alleles 
A 291 
B 555 
C 140 
DRA 3 
DRB     DRB1  356 
             DRB2-9  76 
DQ       DQA1  25 
             DQB1  56 
DP        DPA1  20 
             DPB1  106 
DM       DMA  4 
             DMB  6 
DO        DOA  8 
              DOB  8 
E 6 
F 2 
G 15 
 
 
2.2.6.2 “MHC Class I Related Chain ” (MIC) 
Recently, two independent research groups, Bahram and co-workers (Bahram et al 1994) 
and Leelayuwat and co-workers (Leelayuwat et al 1994) described a new family of 
polymorphic genes that map to the human leukocyte antigen (HLA) region. They were 
named major histocompatibility complex (MHC) class I chain-related genes (MIC) and 
(PERB11) respectively by the two groups. The name MIC has been adopted officially by 
the HUGO Gene Nomenclature Committee (http://www.gene.ucl.ac.uk/cgi-
bin/nomenclature/searchgenes.pl) and used more widely, and will be used here. MICA 
and MICB are functional genes, whereas four others are pseudogenes; MICC, MICD,  
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MICE, and MICF (Bahram 2000; Bahram and Spies1996, Shiina et al 1999). MICA and 
MICB are similar in structure to each other, but only show 19%, 25%, and 35% sequence 
similarity to the extracellular a1, a2, and a3 domains, respectively, of other MHC class I 
genes (Bahram 2000). Despite this fact, it has been predicted that the encoded proteins 
fold in a similar way to MHC molecules. However, unlike MHC class 1 molecules, 
MICA/MICB do not seem to be associated with b2-microglobulin (Groh et al 1996; 
Zwirner et al 1998), do not bind to CD8 (Bahram et al 1994), and probably do not present 
peptides like the HLA class I products (Groh et al 1998; Li et al 1999). MICA is located 
46.4 kb centrometric to the HLA-B gene and has been shown to be highly polymorphic, 
with 54 different alleles described so far. It appears that the expression of the MICA gene 
product is restricted to some cell types derived from various tissues. Resting T cells or B 
cells do not seem to express MICA, but the MICA proteins have been found in epithelial 
cells in the intestine and skin, as well as in monocytes, fibroblasts, and endothelial cells 
(Zwirner et al 1998). Recent studies have shown that the MICA gene product can be 
recognized by intestinal gamma delta T cells (Groh et al 1998) and may play a role in the 
activation of a subpopulation of natural killer (NK) cells that express the NKG2D 
receptor (Bauer et al 1999). Because the gut is also one of the major sites of graft-versus-
host disease (GVHD) following bone marrow transplantation, it will be important to 
determine whether the MIC genes play a role in this process. Recently, it was found that 
organ transplant recipients make antibodies against specific MICA alleles (Zwirner et al 
2000). MICA genes from homozygous B cell lines from the Tenth International 
Histocompatibility Workshop (10th IHWS) yielded 16 MICA alleles (Fodil et al 1996). 
Presently, 38 additional MICA sequences have been described (Bahram 1999; Petersdorf 
et al 1999; Rozemuller and Tilanus 2000; Yao et al 1999) resulting in a total of 54 unique 
MICA sequences, which have 39 polymorphic positions. As of October 2003, the number 
of MICA alleles approved by the Nomenclature Committee is 56 
(http://www.anthonynolan.com/HIG/lists/otherlist.html; Marsh et al, 2003).  Direct 
sequencing has been used successfully to detect MICA alleles, but this technique is not 
easily applicable to the testing of a large number of samples. Recently, polymerase chain 
reaction (PCR) single strand conformational polymorphism (SSCP) has been suggested 
as a more convenient typing technique (Komatsu-Wakui et al 1999), but the formation of 
multiple conformations of single-stranded DNA can make the interpretation of banding  
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patterns difficult. Characterization of the MICA polymorphism by sequence- specific 
oligonucleotide probe (SSOP) typing has also been described (Mendoza-Rincon et al 
1999). Zhang et al (2001) investigated whether group-specific PCR with SSOP typing, 
which is used routinely for high resolution DNA typing of HLA class I and class II alleles 
(Fernandez-Vina 1995; Gao et al 1990), could be suitable for analysis of MICA alleles. 
 
 
2.2.6.3 CD1 Genomic Region on Chromosome 1 
Close inspection of the human genome has revealed that closely linked sets of 
homologous genes arising by duplication (paralogous genes) are located on more than 
one chromosomal segment (Kasahara 1999). This phenomenon is referred to as genome 
paralogy, and such chromosomal segments are called paralogous regions. 
The human MHC is involved in paralogy (Hughes 1998; Kasahara 1999; Katsanis et al 
1996). The three regions established to be paralogous to HLA reside on 9q33-q34, 1q21-
q25/1p11-p32, and 19p13.1-p13.3. With the exception of Chr1, the paralogous region is 
confined to either a long or short arm (Katsanis et al 1996). The human CD1 gene family 
is located within a cluster on human chromosome 1q22-23 (Albertson et al 1988) and 
there are five CD1 genes, CD1A to CD1E, originally identified within a 190-kb cosmid 
segment (Calabi et al 1989; Calabi and Milstein 1986; Martin et al 1987; Yu and Milstein 
1989). It is a widely accepted evolutionary theory that multicopy gene families, such as 
the growth hormone, immunoglobin and HLA genes, have evolved from either single or 
multiple genes by DNA duplication processes (Endo et al 1997; Hood 1976; Graur and Li 
2000; Ohno 1970; Ohta 1991).  The human CD1 gene family encodes the cell membrane-
antigen-presenting proteins related in origin, structure and function to the MHC class I 
and class II molecules (Calabi et al 1989,1991; Portcelli 1995).  The CD1 glycoproteins, 
like the HLA molecules, are involved with T cell recognition but present lipid and 
glycolipid antigens instead of peptide antigens (Portcelli and Modlin 1999).  Phylogenetic 
evidence shows that the CD1 DNA sequences are more closely related to HLA class I 
genes than to HLA class II genes of the MHC and that they probably originated from a 
common ancestor about the time of the bird and mammal divergence 250 to 300 mya 
(Hughes 1991).  The CD1 glycoproteins share greater structural similarity with the HLA  
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class I than the HLA class II glycoproteins (Zeng et al 1997).  The alpha 3 extracellular 
domains of CD1 and HLA class I molecules are well conserved within each protein 
family and associate non-covalently with beta-2 microglobulin (Calabi et al 1991).  
However, the alpha 1, alpha 2, transmembrane and cytoplasmic domains are much less 
conserved at the amino acid level within the CD1 protein family than they are within the 
HLA class I protein family (Calabi et al 1991; Hughes 1991). The human CD1 family has 
five linked and active genes (Yu and Milstein 1989, Yu et al 1993). These CD1 genes 
have polymorphism within exons 2 (alpha1) and 3 (alpha 2) (Han et al 1999) but 
polymorphism of CD1 (Calabi et al 1991; Portcelli and Modlin 1999) does not seem to 
have been as well studied as for HLA genes (McKenzie et al 1999). The CD1 region is of 
great biomedical importance, as a number of disease-susceptibility loci have been 
mapped to 1q21–q23; these include genes for elliptocytosis- 2,spherocytosis, 
pyropoikilocytosis (Gallagher et al 1992), autosomal dominant nonsyndoromic deafness, 
autosomal dominant nonsyndromic sensorineural 7 (Fagerheim et al 1996), familial 
hemiplegic migraine (Ducrons et al 1997), familial partial lipodystrophy (Jackson et al 
1998), and familial schizophrenia (Brzustowicz et al 2000). This region has also been 
implicated in a number of chromosomal translocations; for example t (1; 19) (q23; p13) 
in lymphoblastic leukemias and t (X; 1) (p11; q21) in papillary renal cell carcinoma 
(Weterman et al 1996; Williams et al 1984).   
 
Based on sequence divergence, the CD1 genes can be ordered into three groups: (1) 
CD1A, CD1B, and CD1C, (2) CD1D, and (3) CD1E (Hughes 1991). Dotmatrix and 
phylogenetic analyses using HLA class I gene sequences as well as two mouse and a rat 
CD1D sequences (Balk et al 1991; Bradbury et al 1988; Ichimiya et al 1993; Kasai et al 
1997; Matsuura et al 1997) indicates that the origin of human CD1 genes was some 60–
100 million years ago.  Hughes (1991) suggests that CD1 may have diverged around the 
time of the bird/mammal divergence some 250-300 Mya.  
 
Other divergent molecules have been found to be related to MHC class I, although not 
encoded in the MHC region itself. Zinc a2-glycoprotein is present in plasma and other 
body fluids, while the neonatal Fc receptor molecule (FcRn) has been uniquely adapted to 
bind antibody through contact residues on its lateral surface and to transport it across  
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epithelial surfaces. MR1 is a class I-like gene in humans that, in common with human 
CD1, is located on chromosome 1 rather than chromosome 6 (Hashimoto et al 1995). The 
function of its product is also unknown. 
 
Sequence analysis of the CD1 region has also revealed the enrichment of retroelements 
(Shiina et al 2001).   
 
 
2.3  MHC Class I Genes and Genomics 
The class I genomic region is located at the telomeric end of the MHC, which extends 
approximately 1.8 Mb from the MICB gene to HLA-F. Linkage disequilibrium is present 
in the class I region, although the boundaries are not well defined (Yunis et al 2003). This 
region has been extensively studied for disease association, in transplantation medicine, 
complete sequencing, sequence analysis, genomic structure analysis, functional studies, 
allelic diversity, haplotype diversity and evolution (Anzai et al 2003; Kulski et al 1998, 
2000, 2002; Matsuzaka et al 2002; Oka et al 1999, 2003; Romphruk et al 2001; Shiina et 
al 1999). This 1.8 Mb MHC class I genomic region is made up of three defined ‘blocks’, 
the alpha, beta and kappa blocks (Kulski et al 2000) and two intervening regions, IVS1 
(250 kb between the alpha and kappa blocks) and IVS2 (750 kb between the beta and 
kappa blocks) (Kulski et al 2003). There are at least 18 HLA class I genes (6 coding and 
12 pseudogenes), 7 MHC class I-chain related (MIC) genes (2 coding and 5 pseudogenes) 
within the 3 blocks, and a number of genes related to cell growth, DNA replication and 
repair and regulation of transcription (Shiina et al 1999) within the IVS2 region. The 
IVS2 region has recently been referred to as the epsilon block (Longman-Jacobson et al 
2003). The HLA class I and MIC genes are organized together as a repeating unit within 
the alpha, beta and kappa blocks (Kulski et al 2000). The HLA-A, -B and -C loci have 
724 alleles and MICA has 56 alleles, are the most polymorphic loci within the class I 
region (Kulski and Inoko 2003). Even though so much is known about the class I region, 
there are still many aspects to be studied. There are a host of elements within the 
intergenic regions that need to be identified and characterized. Present in this region are 
the retroelements (Shiina et al 1999), of which the human specific ‘short interspersed  
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elements’ (SINEs) are of importance, because of their relevance in the evolution of 
duplicons (Gaudieri et al 1999; Kulski et al 1997, 1999) and their polymorphic nature in 
human populations. 
 
 
 
 
2.4  Human Retroelements and Repeat Sequences 
Since the discovery of transposable elements (TEs) in maize (McClintock 1956), it has 
become well established that such elements were present in all eukaryotic genomes 
(Waring and Britten 1966). Sequencing of the human genome has revealed that nearly 
half of any individual’s DNA is derived from ancient TEs, mainly retroelements (Smit 
1999). Retroelements are endogenous components of eukaryotic genomes that are able to 
amplify to new locations in the genome through an RNA intermediate (Ullu and Tcshudi 
1984). The retroelements present in the human genome are divided in two major types, 
the LTR and non-LTR retroelements (Batzer and Deininger 2002). The non-LTR 
retroelements are represented by the autonomous L1 and L2 elements (LINE repeats) and 
SVA (composite retrotransposon of SINE, VNTR and Alu), and the non-autonomous (no 
protein coding capacity) Alu and MIR elements (SINE repeats) (Deininger and Batzer 
2002; Shen et al 1991).  
 
2.4.1 Definition 
Repetitive DNA was recognised as a substantial component of the eukaryotic genome 
(Waring and  Britten 1966) and of the human genome (Smit 1999). Two major types of 
repetitive DNA have been described, blocks of tandem arrays (microsatellite, 
minisatellite, and satellite DNA) and the retroelements (Cooke and Hindley 1979; Litt 
and Lutty 1989; Wevrick and Willard 1989). The latter elements incorporate into 
chromosomal DNA by retroposition, a mechanism in which a cDNA molecule generated 
by reverse transcription of an RNA transcript is inserted into the genome at a different or 
transposed location (Rogers 1985; Weiner et al 1986).    
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2.4.3  Short Interspersed Nuclear Element (SINE) 
SINEs are small elements, usually 90-300 bp in length, which are either ancestrally 
derived from tRNA genes (Daniels and Deininger 1985) or the 7SL RNA gene (Ullu and 
Tschudi 1984).  Alu elements are the most abundant class of SINEs in the human genome 
and are sequences approximately 300 bp in length derived from the 7SL RNA gene 
(IHGSC 2001). The name ‘Alu element’ was given to these repeated sequences because 
members of this family of repeats contain a recognition site for the restriction enzyme 
“AluI” (Houck et al 1979). They were initially cloned using linkers with BamHI 
restriction endonuclease sites that resulted in the generation of Bam-linked ubiquitous 
repeat (BLUR) clones (Jelinek et al 1980). These sequences contain a bipartite RNA pol 
III promoter, a central poly A tract, a 3'poly A tail, numerous CpG islands and are 
bracketed by short direct repeats. An estimated 500,000 to 1x10
6 units are dispersed 
throughout the human haploid genome primarily in AT rich neighborhoods located 
within larger GC dense chromosomal regions (IHGSC 2001; Roy-Engel et al 2002).  
 
 
2.4.3.1 Subtypes of Alu Elements 
Subfamilies of Alu are defined by distinct patterns of diagnostic base substitutions and 
related to their age of integration (Shen et al 1991). AluJ and AluSx are the oldest (>55 
million years ago), followed by AluSg (~35 mya), AluY (~25 mya) and the ‘young’(<15 
mya) AluY subfamily. Most insertions of the youngest subfamilies are not yet fixed in 
the human species and represent polymorphic loci. Almost all of the recently integrated 
human Alu elements belong to one of several small and closely related “young’ 
subfamilies, known as Yc1,Yc2, Ya5, Ya8, Yb8 and Yb9 (Carrol et al 2001). Alu 
elements are excellent molecular markers for a variety of reasons. They aid in tracing the 
complex pattern of duplication and rearrangements that occurred during the evolution of 
the primate genome (Bailey et al 2002). Unlike other mutations, Alu sequences are rarely 
lost completely once retroposed, have a defined ancestral state and are free from  
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homoplasy since independent and identical insertions are highly unlikely (Arcot et al 
1996; Batzer et al 1994; Batzer and Deininger 1991; Perna et al 1992;). Because of these 
characteristics, Alus are literally molecular fossils (Arcot et al 1996; Quentin 1994). 
Polymorphic Alu (insertion) loci (POALIN) are especially useful in studies of human 
genetic diversity and in pedigree and forensic analysis.  Sequence analysis of numerous 
Alu elements reveals distinct patterns of nucleotide substitutions at key diagnostic 
positions. These diagnostic substitutions accrue sequentially during evolution (Kapitonov 
and Jurka 1996).  
  
 
2.4.3.2 Polymorphic Alu Insertion (POALIN) 
Many members of the young Alu subfamilies have been inserted so recently in the human 
genome that they are polymorphic for insertion presence or absence within diverse 
human genomes at a particular site, that is, they are biallelic (Batzer and Deininger 2002). 
Individuals that share an Alu insertion polymorphism (POALIN) inherited the insertion 
from a common ancestor making the Alu element alleles identical by descent (Batzer and 
Deininger 1991; Batzer et al 1994; Stoneking et al 1997). They may also be selectively 
neutral and are generally free of homoplasy (i.e. structural resemblance due to parallelism 
or convergent evolution). This distinguishes POALINs from other types of genetic 
markers in the human genome that are only identical by state (Batzer and Deininger 
2002). In addition, the ancestral character state of each POALIN can be determined 
unambiguously to facilitate rooting of trees of population relationships (Batzer et al 1994; 
Hamdi et al 1999; Okada et al 1991; Roy-Engel et al 2001). POALINs also represent both 
maternal and paternal inheritance. These properties make mobile element insertion 
polymorphisms a novel, easy to genotype, source of nuclear variation. POALINs are easy 
to detect by basic polymerase chain reaction (PCR) assays, and have proven value as 
lineage markers for the study of human population genetics, pedigree and forensics as 
well as genomic diversity and evolution (Batzer et al 1996; Rowald and Herrera 2000; 
Roy-Engel et al 2001; Stoneking et al 1997;). An intensive analysis of the POALINs 
(AluYb8/AluYa5) in the completed human genomic sequence revealed a total of 
approximately 4492 copies (Carrol et al 2001). Population studies were conducted on a  
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large number of these POALINs (Antunez-de-Mayolo et al 2002; Carrol et al 2001; 
Watkins et al 2001). Watkins and co-workers in 2001 selected 35 of these POALINs in 
31 world populations to show the contribution to human population history (Watkins et al 
2001). Recently, Watkins and co-workers confirmed their previous analysis when they 
increased the number of POALINs to 100 (Watkins et al 2003). Bamshad and co-workers 
also used the 100 POALINs to investigate population structure with special reference to 
the populations from India (Bamshad et al 2003). A large number of population studies 
were also conducted on only a few (between 1 and 9) POALINs located on various 
chromosomes in up to 14 populations (Antunez-de-Mayolo et al 2002; Batzer et al 1994, 
1996; Comas et al 2000; de Pancorbo et al 2001; Hammer 1994; Hammer et al 1997; 
Nasidze et al 2001; Stoneking et al 1997; Xiao et al 2002). Other POALINs, not used in 
the above studies, were identified in the human genome from sequences that are available 
from different individuals, subject of this thesis (Dunn et al 2002, 2003a; Kulski et al 
2001, 2002a). The number of POALINs in human populations will most definitely be 
more than the above noted total of 4492 copies. The vast majority of Alu insertions 
occurs in non-coding regions and is thought to be evolutionarily neutral (Batzer and 
Deininger 2002). However, an Alu insertion in the NF-1 gene, is responsible for 
neurofibromatosis I (Riva et al 1996), Alu insertions in introns of genes for tissue 
plasminogen activator (TPA) and angiotensin converter enzyme (ACE) are associated 
with heart disease (Hamdi et al 2002). Recently, a POALIN within the progesterone 
receptor gene in intron 7 between exons 7and 8 was defined as a young human-specific 
(Ya5/8) Alu insertion and termed PROGINS, which appears to be associated with 
sporadic ovarian carcinoma (Donaldson et al 2002).  
 
2.4.4 SVA  Elements 
SVA elements are autonomous retrotransposons represented by 2000-5000 copies in the 
human genome (Ono et al 1987; Shen et al 1994). The structure of the SVA is comprised 
of a SINE element as the 5’ end that is joined to a VNTR element with an Alu element at 
the 3’ end. SVA elements are currently active in the human genome, and are therefore 
polymorphic. They are, like Alus and L1s, occasionally inserted into genes and cause  
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disease (Wilund et al 2002). Furthermore, SVA elements are probably mobilized in trans 
by active L1 elements (Ostertag et al 2003). 
 
2.5  MHC Extended Haplotypes 
The existence of ‘blocks’ of conserved DNA sequences, which may include two or more 
loci, throughout the human genome have been described over a long period of time 
(Gabriel et al 2002; Stumpf 2002). In the MHC, at least five blocks have been described 
(Awdeh et al 1983; Dawkins et al 1999; Degli-Esposti et al 1992; Kulski et al 1999; 
Yunis et al 2003). MHC blocks can be used as markers of human diversity, ethnicity 
(Alper et al 1992; Clavijo et al 1999), and for identification and localization of disease 
susceptibility genes (Ahmed et al 1993; Raum et al 1984; Dawkins et al 1999).  MHC 
haplotypes first described by Ceppellini in 1967 to explain the coinheritance of two 
closely linked loci, led to the development of the concept of ‘linkage disequilibrium’ 
(LD), a statistical measure of the preferential association between alleles at two or more 
loci, based solely on phenotype data. Haplotypes are not only defined as a combination of 
all these blocks, referred to here as ‘ancestral haplotypes’ (AH) by virtue of the inherited 
nature of a continuous conserved sequence that is population-specific (Dawkins et al 
1999), but also as a single block (for example, HLA-B haplotype or HLA-A haplotype) 
or a mixed combination of blocks referred to as conserved extended haplotypes (CEH) 
(Yunis et al 2003). Given the high level of polymorphism within the MHC, a frequency 
of 0.5% (haplotype frequency=0.005) is often used to identify frequent or ‘common’ 
MHC haplotypes for the loci within the 4.2 Mb genomic sequence (Boucher et al 1998). 
Frequencies for haplotypes that are made up of fewer blocks (representing less than 
4.2Mb) will be larger (>0.005) when considered as ‘common’ (i.e. reducing the number 
variable loci). 
 
The 1.8 Mb MHC class I genomic region is made up of three defined evolutionary 
‘blocks’, the alpha, beta and kappa blocks (Kulski et al 2000) and two intervening 
regions, IVS1 (250 kb between the alpha and kappa blocks) and IVS2 (750 kb between 
the beta and kappa blocks) (Kulski et al 2003). The boundaries of these class I blocks 
have been described based on a limited number of loci and population studies. The blocks  
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were determined by the sequence analysis of the MHC class I genomic sequence based 
on the tandem duplication patterns of a duplication unit consisting of retroelements and 
the HLA class I and MIC genes (Kulski et al 1999, 2000).  MHC class I haplotypes, 
usually consisting of a series of linked alleles at two or more HLA gene loci could also be 
reconstructed with polymorphic Alu and SVA insertions, and polymorphic microsatellite 
loci.  
 
 
2.5.2 Ancestral  Haplotypes 
The MHC has an interesting group of haplotypes referred to as the ancestral or extended 
haplotypes (also called supratypes). These are specific HLA-DR, C4A, C4B, BF, C2 and 
HLA-B allele combinations in significant linkage disequilibrium. They extend from 
HLA-B to -DR and have been conserved en bloc (Alper et al 1986, 1992; Awdeh et al 
1985; Degli-Esposti et al 1992; Gaudieri et al 1997). In some Caucasian populations, the 
extended haplotypes constitute 25-30% of all MHC haplotypes and together with 
recombinants between any two of them, they account for almost 75% of unselected 
haplotypes (Alper et al 1986, 1992; Degli-Esposti et al 1992). Particular extended 
haplotypes are identical by descent. Matching for extended haplotypes significantly 
improves survival in kidney transplantation (Wilton et al 1985). In Caucasians, there are 
10 to 12 common extended haplotypes that show significant linkage disequilibrium. They 
are relatively population-specific (Gaudieri et al 1997) and are believed to represent the 
original MHC haplotypes of our ancestors, which are still segregating unchanged. They 
are easily recognized from their characteristic class III polymorphisms called 
complotypes (Alper et al 1986; Christiansen et al 1991; Degli-Esposti et al 1995). 
 
 
2.5.3 Disease  Association 
 
Disease associations with extended haplotypes are generally stronger than allelic 
associations (Alper et al 1986). The association is more likely to be with an undefined  
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locus within the region of the haplotype ( Marrosu et al 2001). The best examples of 
extended haplotype associations are those with rheumatoid arthritis (Fraser et al 1990), 
multiple sclerosis (Hauser et al 1989), insulin-dependent diabetes mellitus (Alper et al 
1986; Christiansen et al 1990; Raum et al 1984) and systemic lupus erythematosis 
(Welch et al 1988). 
 
 
2.6  Purpose, Brief Description and Publications  
 
On the commencement of my PhD work in 1999, I proposed to undertake studies on 
MHC class I gene and genomic structure and diversity by investigating in more detail 
aspects of MICA gene diversity, intergenic diversity within the CD1 genomic cluster, and 
the distribution and characteristics of MHC class 1 POALINS. The greater part of my 
work subsequently focused on the study of the MHC class I POALINS because they had 
previously received little or no attention but were emerging during the course of my 
investigations as potentially important polymorphic markers for population and disease 
studies.  
The results of my collaborative studies are presented in Chapter 4 as a series of published 
and unpublished papers grouped into 6 sections with a prelude to each section on the 
author contributions. Each section is presented in the style required by the publishing 
journal and includes it's own reference list.  
 
The first section (Paper 1) reports on the MICA gene diversity and their associations with 
HLA-B. The second section (Paper 2) reports on some novel features of the comparative 
genomic analyses of the duplications of the HLA class I gene family on chromosome 
6p21.3 and the CD1 gene family on chromosome 1q22-23.  The comparison between 
CD1 and the HLA class I gene families highlights their different evolutionary histories 
and the unique duplication patterns. The work in the first two parts has been published 
and is cited as references 1 and 2 in the accompanying reference list. 
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Section three of the results and discussion (Chapter 4) section describes my collaborative 
studies on five novel polymorphic Alu insertions (POALINs) within the MHC class I 
genomic region (Papers 3 to 5).  Although all 5 POALINs had been previously identified 
(Kulski, personal communication) there were population studies and publications only on 
two of them. My studies were to further characterize and develop reliable assays for all 5 
POALINs, and to determine their polymorphic content in fifty 10th International 
Histocompatibility Workshop (IHW) cells and in different 'world-wide' population 
groups.  In section four (Papers 6 to 8) I describe the POALIN gene and haplotype 
frequencies and their percentage association with HLA class I genes, HLA-A and HLA-
B, in five different population groups (Australian Caucasians, Japanese, Thais, Chinese 
Han, and Mongolians). For example, AluyHG and AluyHJ were found to be the most 
polymorphic followed by AluyMICB and AluyTF, with AluyHF being the least 
polymorphic. The presence of three Alu insertions (AluyHJ, AluyHG and AluyHF) was 
found in only one HLA class I haplotype (HLA-A1, -B57, -Cw6) in the 10th IHW cell 
lines. The AluyHJ insertion was found most frequently associated with HLA-A1 or -A24, 
AluyHG with HLA-A2, AluyHF with HLA-A2, -A10 or -A26 and AluyTF showed a 
marginal association with HLA-A29. The AluyMICB insertion was strongly associated 
with HLA-B17 (HLA-B57, HLA-B58) and HLA-B13.  
 
The frequency distribution of the 5 POALINs was also determined in four Southern 
African populations (Paper 9). Genetic distances revealed that the Caucasin and Asian 
populations cluster together as one group, and the African populations cluster together as 
another group. African populations generally have lower insertion frequencies than the 
non-African populations. This study provides further support for the "out-of-Africa" 
hypothesis of modern human evolution. 
 
In section five, I examined the extended HLA class I haplotypes by considering multiple 
genomic sites including the five POALINs (Papers 10 and 11).  HLA class I haplotypes 
were subdivided with respect to the presence of a POALIN at any one or combination of 
sites. For example, HLA-A2 containing haplotypes were subdivided as either HLA-A2, -
B57, -Cw6, AluyMICB, AluyHG or HLA-A2, -B57, -Cw6, AluyHG or HLA-A2, -B57, -
Cw6, AluyMICB. On the other hand, most of the HLA-B7/HLA-A3 haplotypes appear to  
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be negative for POALINs. In addition, a large proportion of Japanese individuals with the 
HLA-B48 (~83%) allele have a MICA gene deletion associated with a MICB null allele 
(referred to as the MICAdel/MICBnull/HLA-B48 haplotype) and the AluyMICB 
insertion.  Interestingly, one of the newly identified MHC class I POALINs, the AluyTF 
element that is located close to the CDSN and TFHII genes and the genomic region 
implicated in Psoriasis (Paper 12), was found to be strongly associated with skin cancer. 
Chapter 4 is finally rounded off (Paper 13) with a published brief review (in press) of the 
MHC class I POALINs.  Chapter 5 is the General Discussion in which it is concluded 
that the extended haplotypes constructed by using a combination of HLA alleles and the 
POALINs will assist in and refine the classification and identification of the diverse 
cluster of MHC haplotypes. Many of the poorly or unresolved disease associations with 
the MHC genes and the undefined linkage groups may be better explained by the 
increased variability of these extended MHC haplotypes. Some of the studies on the 
POALINs have been published and are presented as references 3 to 9 while the others 
have been prepared as manuscripts for publication (published reference list below). 
 
List of published papers derived from the PhD thesis 
1.  Dunn, D.S., Williamson, J.F., Cattley S.K., Tay G.K., Gaudieri, S., Leelayuwat, 
C., Dawkins, R.L. (2000). Coevolution of HLA-B and PERB11.1(MICA): 
Significance of independent triplet expansion within the transmemebrane region 
of PERB11.1(MICA). J Mol Biol 50: 359-365. 
2.  Kulski JK, Dunn DS, Gaudieri S, Shiina T, Inoko H. (2001). Genomic and 
phylogenetic analysis of the human CD1 and HLA class I multicopy genes. J Mol 
Evol 53:642-650.  
3.  Dunn DS, Naruse T, Inoko H and Kulski JK. (2002). The association between 
HLA-A alleles and young Alu dimorphisms near the HLA-J, -H and -F gene loci 
in workshop cell lines and Japanese and Australian populations. J Mol Evol 
55:718-26. 
4.  Kulski JK, Dunn DS, Hui J, Martinez P, Romphruk, AV, Leelayuwat C, Tay GK, 
Oka A and  Inoko H. (2002). Alu polymorphism within the MICB gene and 
association with HLA-B alleles. Immunogenetics 53:975-979.  
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Chapter 3  Materials and Methods 
 
 
This chapter is divided into three main parts; bioinformatics materials and methods, 
biological (wet laboratory) materials and methods, and the data analysis and statistical 
methods.  
 
3.1   Bioinformatics Materials (tools) and Methods 
All the bioinformatics tools used for the identification and analysis of the MICA gene 
diversity, the CD1 gene diversity and the MHC class I POALIN classification were freely 
available on the “world wide web” (www). Each tool and the appropriate www addresses 
will be indicated in each section below. 
 
3.1.1  MICA Gene Diversity   
The allelic sequences of MICA were obtained from published DDBJ/EMBL/GenBank 
entries (Bahram et al 1994; Fodil et al 1996, 1999; Gaudieri et al 1997; Leelayuwat et 
al1994; Mendoza-Rinconet al 1999) (Table 3.1) using the ENTREZ search tool at the 
NCBI web site (http://www3.ncbi.nlm.nih.gov/), by searching for both MICA and 
PERB11.1 sequences. Only the coding nucleotide sequences were extracted and placed 
into a local secondary database. These sequences included the extracellular (alpha-1, 
alpha-2 and alpha-3) and transmembrane domains for the analysis. The edited sequences 
were captured in the FASTA format. All the sequences were then aligned using ClustalW 
(Baylor Centre of Medicine - http://cbr-rbc.nrc-cnrc.gc.ca/services/clustalw_form.html). 
The multiple sequence alignment was then edited whereby all the positions that were 
conserved across the complete alignment were removed and only the non-conserved 
positions remained. Therefore, only the polymorphic positions were retained, and used to 
construct the phylogenetic trees. The phylogenetic trees of the MICA alleles were 
constructed from the analysis of the (1) extracellular (alpha-1, alpha-2 and alpha-3)   
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Sequence Accession  number(s)
MICA016 U56955
MICA-AGFB  AF085027, AF085028, AF085029, AF085030
AH35.1 U69623,  U69966
MICA019 AF097405
MICA-AGAB  AF011835, AF011836, AF011837, AF093113
MICA-DGAB  AF085055, AF085056, AF085057, AF085058
MICA010 U56949
AH46.1 L29408,  U69969
AH62.1 U69629,  U69974
MICA-ALAB  AF011844, AF011845, AF011846, AF093114
MICA-AAC  AF011832, AF011833, AF011834
AH13.1 U69622,  U69964
MICA-AAD  AF011883, AF011884, AF011885
MICA008 U56947
MICA-AAAB AF085011, AF085012, AF085013, AF085014
MICA-AAAC AF085015, AF085016, AF085017, AF085018
AH7.1 L29411,  U69976
AH44.1 U69624,  U69967
AH47.1 U69625,  U69970
AH8.1 L29409,  U69977
MICA005 U56944
MICA004 U56946
MICA-AJCD  AF085031, AF085032, AF085033, AF085034
AH44.3 U69631,  U69968
MICA-ADCD  AF085023, AF085024, AF085025, AF085026
MICA006 U56945
MICA020 AF097406
MICA-AFC  AF011886, AF011887, AF011888
MICA009 U56948
AH52.1 U69626,  U69972
MICA-ABCD  AF085019, AF085020, AF085021, AF085022
MICA-BGA  AF011856, AF011857, AF011858
MICA-BCC  AF011847, AF011848, AF011849
AH65.1 U69630,  U69975
MICA-CEC  AF011865, AF011866, AF011867
MICA-CEF  AF011868, AF011869, AF011870
MICA-CAE  AF011862, AF011863, AF011864
AH57.1 L29407,  U69973
MICA-BEA  AF011850, AF011851, AF011852
MICA-AKB  AF011841, AF011842, AF011843
MICA-DEB  AF011853, AF011854, AF011855
MICA-AABC  AF011829, AF011830, AF011831, AF093115
MICA-AIB  AF011838, AF011839, AF011840
MICA-CIB  AF011871, AF011872, AF011873
MICA018 AF097404
MICA-EEBA  AF011874, AF011875, AF011876, AF093116
MICA012 U56951
AH54.1 U69627,  U69971
AH18.2 L29406,  U69965
MICA001 U56940
MICA-EIBA  AF085059, AF085060, AF085061, AF085062
MICA014 U56953
MICA-BHB  AF011859, AF011860, AF011861
MICA013 U56952
MICA011 U56950
MICA-BCGE  AF085035, AF085036, AF085037, AF085038
MICA007 U56946
MICA-CEEA  AF085047, AF085048, AF085049, AF085050
Table 3.1. List of accession numbers for the MICA (PERB11.1) sequences 
used in the analysis.
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domain and then compared to the associated HLA-B allele and to the corresponding 
MICA transmembrane domain using the MEGA program (Molecular Evolutionary 
Genetics Analysis version 1.02, Pennsylvania State University) (Saitou and Nei 1987), 
with the Neighbor Joining and Jukes-Cantor settings. 
3.1.2  Intergenic Diversity Within the CD1 Genomic Cluster 
The accession numbers of the genomic sequences obtained from DDBJ/EMBL/GenBank 
are AP002532 and AL121986 for CD1 and AF055066 for HLA class I (Hampe et al 
1999). A list of repeat elements present within these genomic sequences was determined 
using RepeatMasker (http://ftp.genome.washington.edu/cgi-bin/Repeat-Masker) (A.F.A. 
Smit and P. Green, unpublished data) and CENSOR 
(http://charon.girinst.org/~server/censor.html) (Jurka et al 1996). The positions of the 
CD1 genes were extracted from the annotated GenBank entries using ENTREZ at the 
NCBI web site (http://www3.ncbi.nlm.nih.gov/). BLAST searches were used to 
determine the presence of other genes in the genomic sequence. Sequence alignments, 
and dot-plot matrix comparisons of sequences were carried out using the Genetyx 
software (http://www.sdc.co.jp/genetyx) and Dotter (Sonnhammer and Durbin 1995) 
tools. Protein sequences for the CD1 and related genes (Table3.2) were also extracted 
from the GenBank entries and used for phylogenetic analysis. A combination of 
ENTREZ (name searching) and BLAST (sequence searching) was used to find human, 
mouse, rat, guinea pig, rabbit, sheep and frog sequences of all the CD1, leucocyte antigen 
(equivalent to the HLA in humans) and the family of PHFZ proteins. The accession 
numbers for the proteins (human, unless specified) that were used in the phylogenetic 
analysis of the Class I-like superfamily are listed in table 3.2. 
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Table 3.2. Accession numbers for the CD1 proteins 
Gene Accession Number
CD1A M27735
CD1B NP_001755 
CD1C NP_001756 
CD1D NP_001757
CD1E AJ289119 
CD1.1 (mouse)  S01297 
CD1.2 (mouse) S01298 
CD1D (rat) Q63493 
CD1E (guinea pig) Q9QZY5
CD1B1 (guinea pig) Q9QZZ2 
CD1B2 (guinea pig)   Q9QZZ1
CD1C2 (guinea pig)   Q9QZY7 
CD1C3 (guinea pig)   Q9QZY6
CD1D (sheep)   O62848 
CD1B2 (sheep)   Q29422 
CD1D (rabbit) P23043 
MICA Y18112 
MICB AB003613 
HFE NP_000401
Zn-a2-GP S17564 
FcRn P55899 
MR1 AF073485 
HLA-A1 P30443 
HLA-B8 P30460 
HLA-Cw3 BAA19535 
HLA-Cw7 Q29631 
HLA-G U88244 
HLA-F P30511 
HLA-E P13747
Xela1a2 (frog)   A39013 
RLA (rabbit)   K02441 
BoLA-A11(bovine) I46030 
BoLA-Aw101(bovine) M69206 
H2-D (mouse) AAD30178 
DOB P13765 
DPB1 P04440 
DQB1 P03992 
DRB1 P04229
 
 
The amino acid sequences of the alpha3 domain were aligned using ClustalW (Baylor 
Centre of Medicine - http://cbr-rbc.nrc-cnrc.gc.ca/services/clustalw_form.html). The 
resultant alignment was used in the construction of the phylogenetic tree by the neighbor-
joining method (Saitou and Nei 1987) based on the amino-p distance model. DOB,  
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DPB1, DRB1, and DQB1 were used as the out-group cluster. To assess the reliability of 
the clusters, 1000 bootstrap replications were performed (Felsenstein 1985). 
 
3.1.3 POALINs 
3.1.3.1 Location of MHC Class 1 POALINS 
All available MHC class 1 genomic sequences were searched for repeat elements 
(RepeatMasker and CENSOR). Table 3.3 is a list of all the genomic sequences for MHC 
class I region that were searched. The polymorphic Alu insertions (POALINs) were 
identified as either being an AluYb8 or AluYa5, or an Alu that is not present in all 
genomes at a particular site, that is, they represent an insertion/deletion.  
 
 
Table 3.3. Genomic sequence for the analysis of AluYb8/Ya5. 
Block Accession numbers
Alpha  AC004193, AP000519, AP000521, AB023058, AB000882, AC006046 and AF055066
Beta  AB000882, AC006046 and AC004211, AP000506, AP000507
IVS2 (Epsilon)  AL669830, AC005530, AC004198, AP000511 and AB023048
 
 
 
Once the AluYb8/Ya5 element was identified, the positions were extracted and the 
flanking sequences interrogated for the presence of unique sequences that can be used as 
primers for the laboratory PCR assay. 
 
 
3.1.3.2 Sub-family Identification 
The sub-family of POALINs was identified by comparing the sequence with the 
consensus sequence of all the Alu sequences in the RepBase database 
(www.repeatmasker.org) (Jurka 2000). All the Alu sequences from RepBase were 
extracted and aligned using GenDoc  
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(http://bioinformer.ebi.ac.uk/newsletter/archives/2/genedoc.html) (Figure 3.1).  The 
alignment was used as a guide to determine the diagnostic positions for all the sub-
families and compare with the extracted Alu elements from the class I region.  
Alu diagnostic sites
23 62 63 64 65 66 68 69 70 71 72 73 74 76 77 78 88 89 90 91 92 93 94 95 96 97 98 99 100 101 103 106 120 125 134 151 157 158 161 165
AluJo C TGC TTAGCCCAGAGTG CCTGGGCAACATACGAA - CTGGC
AluJb CCACTTAGCCCAGAGTG CCTGGGCAACATGTAA A - CTGGC
AluSc CCACGAGTCAA GAA --TCCTGGCC AACATGTATA-TTGGC
AluSg CCACGAGTCAGGAT--G CCTGGCC AACATGTATA- CTGGC
AluSp CCACCTAGGTCGGAGTG CCTGA C C AACATGAATA- CTGGC
AluSq CCACCTAGGTCAGAGTG CCTGGCC AACATGTATA- CTGGG
AluSx CCACCTAGGTCAGAGTG CCTGGCC AACATGTATA- CTGGC
AluSz CCACTTAGGTCAGAGTG CCTGGCC AACATGTATA- CTGGC
AluY CCACGAGTCAGGAA --TCCTGGCTAACAC GTATAACTGGG
AluYa5 CCACGAGTCAGGAA --TCCC GGCTAAA A C GTATAACTA GG
AluYa8 CCACGAGTCAGGAA --TCCC GGCTAAA A C GTATC ACTA GG
AluYb8 CCAT GAGTCAGGAA --TCCTGGCTAACAA GTATAACC GGG
AluYb9 CCAT GAGTCAGGAA --TCCTGGCTAACAA GTATAACC GGG
AluYc1 CCACGAGTCAGGAA --TCCTGGCTAACAC GTATAACTGA G
AluYc2 CCACGAGTCAGGAA --TCCTGGCTAACAA GTATAACTGA G
AluYd2 CCACGAGTCAGGAA --------------C GTATAACC GGG
AluYd3 T CACGAGTCAGGAA --------------C GTATAACC GGG
AluYd3a1 T CACGAGTCAGGAA --------------C GTATAACC GGG
AluYd8 CCACGAGTCAGGAA --------------C GTATAACCAGG
AluYe CCACGAGTCAGGAA --TCCTGGCTAACAC GTATAACA GGG
166 167 175 179 187 190 210 213 221 222 224 225 226 227 228 229 233 234 238 245 246 247 251 259 267 268 269 270 271 272 273 274 283 287 289 290 291 294 295 297 299
AluJo GCGCC -CT-A GAGTTCGCA TATCT -------A - GAGCGACT
AluJb GCGCC -CT-GGAGGTCGCACGT CT -------A - GAGCGACT
AluSc GCGCC -CT-GGAGGCGG TACGACT-------A --AGCGATC
AluSg GCA CC-CT-GGAGGCGG TACGACT-------A - GAGCGATC
AluSp A T A CC-CT-GGAGGCGG T G CGACT -------AAA AGCA ATC
AluSq GCA CC-CT-GGAGGCGG TACGACT-------AAA AGCA ATC
AluSx GCA CC-CT-GGAGGCGG TACGACT-------A - GAGCGATC
AluSz GCA CC-CT-GGAGGCGG TACGACT-------A - GAGCGATC
AluY GCGCC - GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYa5 GCGCT-GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYa8 GCGTT-GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYb8 GCGCC - GG - GGAA GCGCTACGAT T GCAGTCCG- GAGCGATC
AluYb9 GCGCG-GG - GGAA GCGCTACGAT T GCAGTCCG- GAGCGATC
AluYc1 GCGCC - GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYc2 GCGCC - GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYd2 GCGCC - GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYd3 GCGCC - GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYd3a1 GCGCCA GG - GGAGGCGCTACGACT -------A - GAGCGATC
AluYd8 GCGCC - GG - G A AGGCGCTAG GACA-------C - GAA CGATC
AluYe GCGCC - GGC GGG GGCGCC ACGACT -------A - G C G A--TC   
Figure 3.1. Multiple sequence alignment of the Alu sub-families with the diagnostic 
positions indicated in the white boxes. 
 
 
3.2  Biological Materials and Methods 
3.2.1 DNA  Samples 
3.2.1.1 Human Cell-lines 
DNA from fifty-two Epstein-Barr virus-transformed human and non-human primate B-
cell-lines from the 4
th Asia-Oceania Histocompatibility Workshop (4AOH; Degli-Esposti 
et al 1993), the 10
th International Histocompatibility Workshop (10IHW; Prasad and  
 
37
Yang 1996) were obtained from Prof Frank Christiansen, Department of Clinical 
Immunology at Royal Perth Hospital, Perth. The cells are mainly HLA homozygous 
ancestral haplotypes (AHs) with known disease associations. The cells have all been 
typed for HLA alleles and other markers (Degli-Esposti et al 1993; Dawkins et al 1999). 
 
3.2.1.2 Australian Caucasian Samples 
DNA samples obtained from 109 individuals belonging to a panel of transplant donors 
was provided by Professor Frank Christiansen and Dr Campbell Witt of Clinical 
Immunology at Royal Perth Hospital for POALIN typing.  Both male and females, 
approximately equal in number were represented in the population sample. Their HLA 
class I allotype (HLA-A, HLA-B and HLA-Cw) was also provided.   
 
3.2.1.3 Population Variation Within Japan, Thailand, Malaysia and Mongolia 
DNA samples from 99 Japanese individuals were made available and supplied by Dr 
Naruse (Department of Genetic Information, School of Medicine, Tokai University), 190 
Northeastern Thai individuals were supplied by Dr Chanvit Leelayuwat (Khon-Kaen 
University, Thailand), 50 Malaysian Chinese (mainly Han Chinese) from Dr Maude 
Phipps (University of Malaysia, Kuala Lumpur, Malaysia) and 40 Khalk Mongolian 
samples from Dr Bhatmunkh Munkhbat (National Medical University of Mongolia).  
 
3.2.1.4 Sub-Saharan Africa Populations 
Approximately 200 DNA samples from 4 populations of sub-Saharan Africa was made 
available for this study by Dr H Soodyall at the Population and Evolutionary Genetics 
Laboratory, Department of Human Genetics, School of Pathology, The South African 
Institute for Medical Research University of Witwatersrand, Johannesburg. The 
populations are !Kung San and Sekele (Bushman), Khoikhoi (Hottentots), and the 
Southeastern Bantu speakers (these include the Zulu and Sotho/Tswana).   
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3.2.1.5 HLA-B48 and HLA-B57/HLA-B7  
DNA samples from six Japanese individuals with different HLA-B48 haplotypes were 
obtained from Dr M Ota in Japan.   
Eleven HLA-B57 and forty-seven HLA-B7 from random donor panel from Dr B Tait and 
twenty-five individuals in 5 families from RPH. 
 
3.2.1.6 Busselton Population 
DNA (50ug) from 154 individuals with skin cancer and 213 controls were extracted from 
buffy coats collected in 1994 from 280 people as part of the Busselton survey 
(http://www.general.uwa.edu.au/u/phhomep/bsn/surveys.html) for Clinical Biochemistry, 
PATHCENTRE, WA (Dr. John Beilby) have been made available for this study.   
 
 
3.2.2 PCR  Strategy 
PCR assays were carried out in a 96-well tray format. DNA samples at 20 nanograms 
(ng) per microliter (ul) were placed into each of 95 wells of a storage tray, with the 96th 
well containing water, which served as the blank control. Figure 3.2 displays the 
positioning of the samples in relation to controls. The 12 rows are represented by the 
numerals 1-12, and the columns represented by the letters A-H. Position A1 is the blank 
(only water), B1, H5 and G12 are the heterozygote control, A6 is the positive control and 
F12 the negative control.  
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Figure 3.2. DNA storage in 96-well trays.  
 
 
The DNA (1.0ul) was dispensed using a multichannel micropipette (Socorex 12 pin, 1-
10ul) into the 96-well PCR trays (Interpath) containing the PCR mix. The reactions were 
carried out in a 96-well block thermocycler (Perkin Elmer 2700 Thermal cycler). 
Analysis of the PCR products were analyzed by horizontal gel electrophoresis in 3% 
agarose and Tris-borate-EDTA (TBE) running buffer and visualized by staining with 
ethidium bromide. A multi-channel micropipette (Socorex 12 pin, 10-50ul) was used to 
transfer the products (10ul) into the wells formed in the agarose gel. A single agarose gel 
containing 3 rows of 33 wells each (99 wells) was used to analyse the 96 products. I 
designed well-forming combs (figure 3.3C) that contained 33 stubbs (3mm each) to fit 
the Biorad electrophoresis gel tray and buffer chamber. Figure 3.3A shows a 
diagramatical gel layout with the positions of the PCR products, and figure 3.3E shows a 
gel photo of the layout.  
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Figure 3.3. Diagram with the layout for the 96-well PCR setup and gel analysis. (A) the 
96-well PCR tray, (B) the pipetting with the 8-channel multi-pipetter, (C) the 33 well-
forming comb, (D) the gel layout with 3 rows of 33 wells, and (E) an example of the PCR 
product gel analysis. 
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3.2.3  PCR Analysis for POALINS 
The PCR assays for four (AluyTF, AluyHJ, AluyHG and AluyHF) of the five POALINS were 
carried out with the same conditions. AluyMICB except for the annealing temperature of 68
oC 
was carried out with the same conditions. The PCR asay was carried out as follows. The PCR 
solution (20 ul) contained 20 ng of template DNA, primers at 10 mM each (Table 2.6), dNTPs at 
2 mM each, 0.5 - 1.0 units of AmpliTaq polymerase (Applied Biosystems, Foster City, CA) and 
3 mM MgCl2 in 10 mM Tris-HCl buffer pH 8.3. PCR was performed using a Perkin Elmer 2700 
Thermal cycler programmed for 35 cycles with a denaturation (96
oC - 30 sec), annealing (68
oC 
for AluyMICB, 62
oC for other - 45 sec) and extension (72
oC - 45 sec) step at each cycle. The 
reaction products were analysed by horizontal gel electrophoresis in 2% agarose using Tris-
borate-EDTA running buffer. Fragments of different sizes were produced for both the presence 
and the absence of the POALIN, a single fragment of different sizes for the 2 homozygous and 2 
fragments for the heterozygous samples. Two DNA samples from the IHW panel were used as 
controls, one homozygous for the absence and the other homozygous for the presence of Alu 
insertions. Mixtures of the two controls were also included as heterozygous controls with each 
PCR run.  
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AluY Primer Name Primer Sequence Size (bp) AccNo - +
MICB AluyMICB.F GCCTTCCAATGCCATTCACAG 21 AC006046 38921 38941  
502 664
AluyMICB.R CTCAGCCCTGCTTTCCCATCT 21 AC006046 38277 38297  
TF AluyTF.R TGCTAGTAATCCGGAAGAGCAAGCGC 26 AC005530 7836 7859
422 710
 AluyTF.F GTGCCTGGTAAAAATTTAAGAGCTGTA 27 AC005530 7150 7177
HJ AluyHLAJF AAGAAACCCATAACTCACTTG 21 AP000519 11430 11450
163 501
AluyHLAJR TGTGTCCAGGTTAAACTTCAG 21 AP000519 11909 11929
HG AluYF11 CAGGACAACCAGTAAAGATGCTGG 24 AF055066 183727 183750
220 540
AluYR11 GCTTCAGTTAACATGCAAGTTTATGCC 27 AF055066 184241 184267
HF* AluyHF.F GCCTCATGGCCTGAATCTGCCAGTGTCCTT 30 AP000521 124367 124396
458 605
AluyHF.R AGACTATACTATAGAGGGCAGGTCAGTTAC 32 AP000521 124794 124825
*  Primer positions shown in the AP000521 sequence but the insertion is present in the AF055066 sequence.
Fragment size (bp)
Position
Table 3.5.  Primer sequences and amplicon product sizes for the PCR amplification of 5 MHC POALIN loci.
 
 
3.2.4  Sequencing of POALINS 
Five homozygotes for the presence of each POALIN was sequenced, see table 3.7. 
PCR product were first purified by using a Microcon PCR Clear-up column 
1  Place 200uL of TE buffer into the column. 
2  Add 20uL of PCR product 
3  Spin in microfuge (Eppendolf Microfuge) for 10 min (setting 4)  
4 Discard  filtrate 
5  Add 50uL of TE to the column 
6  Invert the column and place into the eppendolf tube supplied 
7  Spin for 4 min (setting 4) 
8  Determine concentration. 
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3.2.5 Sequencing  Reactions 
Sequencing was done with the Taq DyeDeoxy™ Terminator cycle sequencing kit from 
Applied Biosystems Industries (ABI) using either the Rhodamine or BigDye™ 
Terminator Cycle Sequencing chemistry.  Sequencing reactions were half the volume 
recommended by the manufacturer and consisted of 300-800 ng of plasmid DNA added 
to 4.0 µl of Terminator ready reaction mix (0.5 units of Amplitaq DNA polymerase, Dye 
Deoxy™ A terminator, Dye Deoxy™ T terminator, Dye Deoxy™ G terminator and Dye 
Deoxy™ C terminator), 1.6 pmole of primers, made to 10 µl with sterile distilled water in 
a 0.2 ml microfuge tube.  The reactions were incubated in a Perkin Elmer Cetus Thermal 
Cycler 2400 preheated to 96oC for 2 min followed by 25 cycles of  96oC for 15 sec, 
50oC for 5 sec and 60oC for 4 min. 
 
3.2.6  Purification of Extension Products for Sequencing 
After PCR, the extension products were cooled, briefly centrifuged and then transferred 
into a 0.5 ml centrifuge tubes containing 2.5 volumes of 100 % ice cold ethanol and 0.1 
volumes of 3 M sodium acetate, pH 5.2.  The mixture was vortexed briefly and kept at -
20°C for 20 min after which the DNA was precipitated at 20, 200 x g for a further 30 
min, washed with 125 μl of 70% ice cold ethanol at 20, 200 x g for 5 min and dried in a 
speed-vac.  The products were further prepared, electrophoresed and analysed on an ABI 
373 Sequencer by Ms Frances Brigg, Western Australia State Agricultural Biotechnology 
Centre, Murdoch University, Western Australia. 
 
3.3  Population Data Analysis 
3.3.1   POALIN Allele Frequency Calculations 
 
POALINs are biallelic, therefore, the calculation for allele frequencies was very simple. 
Allele frequencies were obtained by using the gene counting method (Ceppellini et al 
1955). The method is summarised as follows. The number of individuals with the same  
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phenotype (3 different phenotypes, ie. ‘1,1’, ‘1,2’ and ‘2,2’) was summed and the 
common alleles from these phenotypes were then added and then divided by the total 
number of alleles present in the sample population 2 x number of individuals). Table 3.6 
demonstrates the mechanics of the formula employed for the allele frequency 
calculations. From this table it can be calculated that the frequency for allele 1 (p) is 
equal to 3a divided by 2n whereas the frequency for the allele 2  (q) is equal to 3b divided 
by 2n (or 1 – q).  
 
 
 
Phenotypes
Number of individuals 
observed
Number of 'a' alleles 
observed
Number of 'b' alleles 
observed
Homozygote 1 aa 2 a
Heterozygote ab a b
Homozygote 2 bb 2 b
Total n 3a 3b
Allele frequency a (p) = 3a/2n
Allele frequency b (q) = 3b/2n 
Table 3.6.  Demonstration of the gene counting method for calculating allele frequencies in a 
biallelic genetic system
 
 
 
Table 3.7 is a worked example having the following AluyMICB genotypes observed; 76 
allele ‘1’ homozygotes, 30 heterozygotes and 2 allele ‘2’ homozygotes. The 2 allele 
frequencies (in brackets) are, 0.843 for AluyMICB*1 and 0.157 for AluyMICB*2. 
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Phenotypes
Number of individuals 
observed
Number of 'a' alleles 
observed
Number of 'b' alleles 
observed
AluyMICB*1,1 76 152
AluyMICB*1,2 30 30 30
AluyMICB*2,2 2 4
Total 108 182 34
Allele frequency AluyMICB*1 = 182/216 (0.843)
Allele frequency AluyMICB*2 =  34/216 (0.157)
Table 3.7.  Demonstration of the gene counting method for calculating allele frequencies in a 
biallelic genetic system AluyMICB
 
 
 
 
3.3.2  POALIN Haplotype Construction and Calculations 
Haplotypes were constructed as different combinations of the MHC class I loci.   
The 3 POALIN loci haplotypes were the closely located, AluyHJ to AluyHF loci, within 
the alpha block (Figure 3.5) and the 5 POALIN loci haplotypes included all the 
POALINs within of the MHC class I region. Alpha block haplotypes included the 3 
POALIN and the HLA-A loci and the class I haplotype contained all 5 POALINs and the 
HLA-A and HLA-B loci. The haplotype frequencies were determined by entering the 
genotypic data for each individual (in their specific population groups) into the Arlequin 
program (Schneider et al 2000).  
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Figure 3.5.  Genomic map of the 5 POALINs (boxed) in relation to the HLA, 
 MIC, CDSN, TFIIH, DDR and CAT56 loci within the 1800 kb MHC class I  
region. 
 
 
3.3.3  Genetic Distance and Phylogeny 
 
Genetic distance measurements were determined by using the PHYLIP program 
(Felstenstein 1985). Firstly, all the allele frequencies were placed into a single document 
as an input file for Gendist (within the PHYLIP program).  Nei's genetic distance (Nei, 
1972) measure was used, which assumes that all differences between populations arise 
from genetic drift and that there is a rate of neutral mutation and each mutant is a 
completely new allele and there is equilibrium between mutation and genetic drift. The 
resultant distance measurements were entered into the MEGA program and the Neighbor-
joining phylogenetic tree selected (Kumar et al 1993). 
 
 
3.3.4  Linkage Disequilibrium Analysis 
 
Linkage disequilibrium (relative linkage disequilibrium) was represented as the delta 
measurement developed by Bengtsson and Thomson (Bengtsson and Thomson 1985) and 
defined as (pA-pB)/(1- pB), where pA and pB are the frequencies of the two alleles (HLA 
and POALIN) tested for association. When a negative value is obtained after using the  
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above equation, a rearrangement of the variables is applied and therefore defined as (pB-
pA)/(1- pA). A demonstration of the calculation is shown in table 3.8. 
 
 
Allele
Total number
Allele T       
c+d
Allele U      
e+f
Ac + e c e
Bd + f d f
Delta value 1A,2T&1B,2T 1A,2U&1B,2U
Allele
Total number
Allele T       
72
Allele U      
213
A 164 69 95
B 121 3 118
Delta value 1A,2T&1B,2T 1A,2U&1B,2U
        = 0.956
Table 3.9 Worked example of the calculation for linkage disequilibrium
Locus 1 Locus 2
Delta value for 1A,2T&1B,2T = ((69/72)-(3/72))/(1-(3/72))
Table 3.8 Demonstration of the calculation for linkage disequilibrium
Locus 1
Delta value for 1A,2T&1B,2T = ((c/c+d)-(d/c+d))/(1-(d/c+d))
Locus 2
 
 
 
A worked example of the linkage disequilibrium is shown in table 3.9. The values were 
taken from the subgroup with AluyHJ*2 allele in individuals with the HLA-A24 allele in 
the Northeastern Thai population study (see results section). 
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3.3.5  Differences Between Populations   
 
Fishers exact test (Fisher et al 1935) or a 2x2 contigency (Bradley 1952) test was used to 
determine the significant differences between populations (Price 1971). Briefly, the 
expected values for the presence and absence in the two populations are determined from 
the observed values. A chi square test is carried out between the observed and expected 
values and the significance determined on the chi squared index table. When the observed 
values in any of the categories are small (less than 5) a correction, called the ‘Yates 
correction’ is employed. The Yates correction allows for the increases of the small, 
observed category by 0.5 and then sequentially adjusting the other categories by 0.5 so 
that the totals of the population genotypes remain the same (Bradley 1979).  
 
49
Chapter 4  Results and Discussion 
 
The results of this thesis are presented and discussed as published and unpublished papers 
(1-12) in the format of the publishing journal. This chapter is divided into 7 sections, 4.1 
to 4.7. Each section has a title page and a list of the paper/papers, a brief description of 
the author contributions and the full paper. 
 
4.1 Co-evolution of HLA-B and MICA (PERB11.1) 
4.2 Intergenic diversity. 
4.3 MHC class I POALIN description and characterization. 
4.4 Population genetics of the MHC class I POALINs. 
4.5 MHC class I POALIN haplotype analysis. 
4.6 MHC classI POALIN and skin cancer. 
4.7 Review of MHC class I POALINs. 
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4.1  Coevolution of HLA-B and MICA (PERB11.1)  
 
 
4.1.1  Coevolution of HLA-B and PERB11.1 (MICA): Significance of independent 
triplet expansion within the transmembrane region of PERB11.1 (MICA).  
 
J Mol Evol 50: 359-365. 
 
 
Dunn DS, Williamson JF, Cattley SK, Tay GK, Gaudieri S, Leelayuwat C, 
Dawkins RL. (2000). 
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My initial introduction to the MHC was through the application of HLA-A and HLA-B 
genotypes as genetic markers in human population genetic studies (Wadee and Dunn 
1989) and paternity testing (Dunn et al 1989). Subsequent to the co-discovery of the 
“MHC class I related chain” (MIC) alternatively called “Perth Beta-block 11 transcript” 
(PERB11) gene complex within the MHC (Leelayuwat et al 1994; Barham et al 1994) 
and the ‘human genome sequencing project’, my interest in the studies of diversity within 
this region developed further. Gene duplication and subsequent diversification played a 
major role in the evolution and diversity of the MHC class I genes (Kulski et al 1997). 
Several highly polymorphic sequences are present in the beta block of the MHC, 
especially HLA-B, HLA-C, MICA, and MICB (Dawkins et al 1999). The polymorphism 
of MIC is of a similar order as that of HLA-A, -B, and -C and it has been suggested that 
MICA could explain some of the disease associations previously attributed to HLA-B. 
Interestingly, the MICA gene has two separated polymorphic units, the extracellular 
domain (more than 50 alleles as nucleotide polymorphisms) and the transmembrane 
domain (5 microsatellites, 2 SNPs and a single nucleotide insertion/deletion). The work 
in this manuscript was carried out at the Centre for Molecular Instrumentation and 
Immunology (CMII), University of Western Australia under the supervision of Professors 
RL Dawkins and C Leelayuwat, and Doctors S Gaudieri, G Tay and S Cattley. Mr J 
Williamson assisted with the analysis of the serological groupings of the HLA-B alleles. I 
prepared multiple sequence alignments of the MICA allele sequences that were present in 
GenBank (NCBI), conducted phylogenetic analysis of the extracellular domain allele 
sequences and carried out comparative analysis with the corresponding HLA-B alleles 
and the MICA transmembrane domain alleles. The multiple sequence alignment resulted 
in the groupings of the MICA alleles into putative lineages. So as to examine HLA-B 
lineages or subsets, I arranged the reported MICA alleles into clusters by phylogeny. 
Phylogenetic analysis of the MICA extracellular (alpha) domain sequences demonstrates 
relationships with HLA-B cross-reactive serogroups. In contrast, the transmembrane 
polymorphisms do not appear to be associated with either MICA extracellular or HLA-B. 
These data indicate that MICA and HLA-B have evolved in concert from their common 
ancestors and that the transmembrane polymorphisms have arisen independently and 
more recently.   
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4.1.1  Coevolution of HLA-B and PERB11.1(MICA): Significance of independent 
triplet expansion within the transmembrane region of PERB11.1(MICA). 
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4.2  Intergenic Diversity 
 
 
4.2.1.  Genomic and phylogenetic analysis of the human CD1 and HLA class I  
multicopy genes.   
J Mol Evol 53:642-650. 
   
  Kulski JK, Dunn DS, Gaudieri S, Shiina T, Inoko H. (2001). 
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There are regions in the human genome that are paralogous to the MHC class I region 
(Hughes 1998; Kasahara 1999; Katsanis et al 1996). The three regions established to be 
paralogous to HLA reside on chromosomal regions 1q21-q25/1p11-p32, 9q33-q34, and 
19p13.1-p13.3. MHC diversity has evolved by segmental duplication and transposition of 
retroelements (Kulski et al 1997). Multicopy genes or genomic segments are not an MHC 
exclusive occurence. Some MHC-related genomic regions demonstrate the same 
phenomenon, and this is evident for the CD1 genomic region. Five linked genes located 
within a cluster on human chromosome 1q22-23 encode the CD1 protein family (Yu et al 
1993; Albertson et al 1988). In contrast, the HLA class I family contain at least 18 coding 
and non-coding or fragmented genes distributed over three evolutionary blocks on human 
chromosome 6p21.3 (Dawkins et al 1999; Gaudieri et al 1999; Kulski et al 2000). 
Professor J Kulski, Dr. S Gaudieri and myself carried out analysis of the CD1 genomic 
sequence that was generated and supplied by Dr. T Shiina and Professor H Inoko (Shiina 
et al 1999). I prepared the comparative analysis of the retroelements and performed the 
phylogeneic analyses of the HLA class 1-like genes. We have analysed the complete 
genomic sequence of the human CD1 gene cluster and compare the finding with the 
analysis of the HLA class I genomic region. We found that the five active genes are 
distributed over 175,600 nucleotides and separated by four expanded intervening 
genomic regions (IGRs) ranging in length between 20 and 68 kb. The IGRs are composed 
mostly of retroelements. Alu elements, that are polymorphic in human populations, are 
found distributed within the HLA class I duplicated segments (duplicons) but not within 
the duplicons of CD1. Genomic and phylogenetic analyses support the view that the 
human CD1 gene copies were duplicated prior to the evolution of primates and the bulk 
of the HLA class I genes found in humans. In contrast to the HLA class I genomic 
structure, the human CD1 duplicons are smaller in size, they lack Alu clocks, and they 
are interrupted by IGRs at least 4 to 14 times longer than the CD1 genes themselves.  
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4.2.1  Genomic and phylogenetic analysis of the human CD1 and HLA class I 
multicopy genes. 
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4.3  MHC Class I POALIN Description and Characterisation 
 
4.3.1  Alu polymorphism within the MICB gene and association with HLA-B 
alleles. 
Immunogenetics 53:975-979. 
Kulski JK, Dunn DS, Hui J, Martinez P, Romphruk, AV, Leelayuwat C, Tay GK, Oka 
A, Inoko H. (2002)  
Erraratum: Immunogenetics 54:365. 
and 
 
4.3.2  The association between HLA-A alleles and young Alu dimorphisms near the 
HLA-J, -H and –F gene loci in workshop cell lines and Japanese and 
Australian populations. 
J Mol Evol 55:718-26. 
Dunn DS, Naruse T, Inoko H, Kulski JK. (2002) 
and 
 
4.3.3  Characterisation of a dimorphic Alu element located between the TFIIH and 
CDSN genes within the MHC by association studies using workshop cell lines 
and Japanese and Australian populations.  
Electrophoresis 24:2740-2748.  
Dunn DS, Inoko H, Kulski JK. (2003). 
Erraratum: Electrophoresis 25:1394. 
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Kulski and co-workers identified and reported the first polymorphic Alu insertion 
(POALIN) within the MHC class I region (Kulski et al 2001). Subsequently, we 
identified four new MHC class I POALINs and characterised these new and the 
previously identified POALINs in IHW cell lines, Japanese or Northeastern Thai and 
Australian Caucasian in a series of three publications. IHW DNA samples and Australian 
Caucasian DNA and HLA data were obtained from Professor FT Christiansen and Dr C 
Witt from Royal Perth Hospital, Japanese DNA and HLA data from Dr Naruse and 
Professor H Inoko from Tokai University, and Northeastern Thai DNA and HLA data 
from Professor C Leelayuwat and Dr Romphruk from Kohn Kean University. I 
conducted all the laboratory assays and data analysis for all the results used within the 
three publications, except for the AluyMICB data on the Northeastern Thai, which was 
mostly done by J Hui, a fellow PhD candidate.  
 
The five POALINs are located within an 1.8 Mb genomic sequence within the MHC 
class I region. AluyMICB is located in the beta-block within the first intron of the MICB 
gene, approximately 142kb centromeric of HLA-B. AluyTF is located in the region 
between the beta- and kappa-blocks close to the TFIIH and CDSN genes, 348kb 
telomeric of HLA-B and 1070kb centromeric of HLA-A. The other three elements are 
located within the alpha-block; AluyHJ close to HLA-J and 82kb centromeric of HLA-A, 
AluyHG close to HLA-G and 85kb telomeric of HLA-A, and AluyHF close to HLA-F 
and 235kb telomeric of HLA-A. AluyTF is ~493kb telomeric of AluyMICB and 975kb 
centromeric of AluyHJ. They can be used to identify allelic and haplotypic differences, 
and reveal allelic associations in relation to the human tissue types (HLA-A and HLA-B). 
All five POALINs are polymorphic, and are present at different levels of polymorphism 
in the populations tested. AluyHG and AluyHJ are the most polymorphic while AluyHF 
is the least polymorphic. In the homozygous cell lines, the three Alu insertions (AluyHJ, 
AluyHG and AluyHF) were found in only one HLA class I haplotype (HLA-A1, -B57, -
Cw6). At least one of the Alu insertions was found in about 86% of the Japanese and 
Australian individuals with the AluyHJ generally related inversely to AluyHG and/or 
AluyHF.  In the cell lines and the population groups, the AluyMICB insertion was found 
most frequently associated with HLA-B57, -B13, -B48 or –B44, AluyHJ with HLA-A1 
or -A24, AluyHG with HLA-A2, AluyHF with HLA-A2, -A10 or -A26 and AluyTF  
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showed a marginal association with HLA-A29 in the Australians (71.7%).  This study 
suggests that AluyMICB has been inserted into the beta block, the 3 elements, AluyHJ, 
AluyHG and AluyHF into the alpha block and AluyTF has been inserted between the 
alpha and beta blocks of the MHC in different progenitor groups and therefore will be a 
useful lineage and linkage marker in human population studies and for elucidating the 
evolution of HLA class I haplotypes.  
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4.3.1  Alu polymorphism within the MICB gene and association with HLA-B 
alleles. 
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4.3.2  The association between HLA-A alleles and young Alu dimorphisms 
near the HLA-J, -H and –F gene loci in workshop cell lines and Japanese and 
Australian populations. 
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4.3.3  Characterisation of a dimorphic Alu element located between the 
TFIIH and CDSN genes within the MHC by association studies using 
workshop cell lines and Japanese and Australian populations. 
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4.4  Population Genetics of the MHC Class I POALINs 
 
4.4.1   Diversity of the polymorhic Alu insertions and the associations with MHC 
class I alleles and haplotypes in the Northeastern Thais.  
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Population genetic studies on the five MHC class I POALINs was carried out on a 
collection of different populations presented here as a series of four papers. The 
individual POALIN frequencies, the POALIN haplotypes and the POALIN and HLA 
associations were determined on the Northeastern Thai (paper I), on the Malaysian 
Chinese (paper II) and on the Khalk Mongolian (paper III) populations. Individual 
POALIN and POALIN haplotype frequencies were also determined in four sub-Saharan 
populations; Southeastern Bantu, Khoi, !Kung San and Sekele San. 
 
Professor C Leelayuwat and Dr. Romphruk supplied DNA samples and HLA data from 
the Northeastern Thai, Drs. M Phipps and Mun-kit Choy supplied DNA samples and 
HLA data from the Malaysian Chinese, Dr Munkhbat supplied DNA samples and HLA 
data from the Khalk Mongolian. Dr H Soodyall made the DNA for the Southern African 
available for this study. Here, I conducted all the laboratory assays and data analysis for 
all the results used within the four papers under the supervision of Professor J Kulski. 
 
 Of the five MHC POALINs, the highest insertion frequencies were 0.378 for AluyMICB 
in Mongolians and 0.376 for AluyHJ in Japanese. In comparison, the lowest frequencies 
were 0.030 in Southeastern Bantu for AluyMICB and 0.034 in Sekele San for AluyHJ.  
The lowest frequency overall was for the AluyHF insertion (0.018) in Northeastern Thais, 
whereas the AluyHF insertion was 0.203 in Australian Caucasians and 0.163 in the sub-
Saharan Khoi.  On average, the frequencies of AluyMICB, AluyHJ, AluyHG were 
greater in the Asians and Australian Caucasians than in the sub-Saharan Africans.  On the 
other hand, the highest frequencies for AluyTF insertion were found amongst the sub-
Saharan Africans, 0.238 in !Kung San and 0.167 in Khoi.  Overall, the lowest MHC 
POALIN frequencies were obtained for AluyTF, AluyHJ and AluyHG in the Sekele San.  
The Mongolians and the Khoi had frequencies of <0.1 for 4 of the 5 POALINs. However, 
the Khoi were not tested for AluyMICB. 
 
Although our studies have revealed that there are different MHC POALIN frequencies 
between different population groups, a greater number of individuals in each population  
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and a greater number of different geographic populations are needed for more reliable 
and varied frequency data sets.  
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4.4.1   Diversity of the polymorhic Alu insertions and the associations with MHC 
class I alleles and haplotypes in the Northeastern Thais.  
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Abstract 
Polymorphic Alu insertions (POALINs) are increasingly been used in populations genetic 
studies. We have recently identified and characterized five POALINs within the Major 
Histocompatibility Complex (MHC) class I region. The MHC in humans is one of the 
most polymorphic regions of the human genome and is characterize by strong linkage 
disequilibrium. The 5 POALINs are located within a 1800kb genomic region; from the 
first intron of the MICB gene, 142kb centromeric of HLA-B, to telomeric of HLA-F, 
240kb telomeric of HLA-A. Population studies for these POALINs have only been 
reported on three other populations; Australian Caucasian, Japanese and Northeastern 
Thai. Here we report on the individual insertion frequency of the 5 POALINs within the 
MHC class I region, their HLA-A and -B associations, the three locus alpha block 
POALIN haplotype frequencies and the four loci HLA-A/POALIN haplotype frequencies 
in the Malaysian Chinese population and the phylogenetic relationship of four 
populations based on the five POALIN allele frequencies. The POALIN, AluyHG was 
present at the highest frequency (0.560), followed by AluyHJ (0.300), AluyMICB 
(0.170), AluyTF (0.040) and AluyHF (0.030). Strong associations were present between 
AluyHJ and HLA-A24, HLA-A33 and HLA-A11, and between AluyHG and HLA-A2, 
HLA-A24 and HLA-A11. The haplotype frequencies for the constructed three loci 
POALIN haplotype with AluyHG (0.524) and AluyHJ (0.276) were increased relative to 
the other haplotypes.  Phylogenetic analysis of the five POALIN allele frequencies places 
the Malaysian Chinese closest to the Japanese and NE Thai in the same cluster. The 
MHC POALINs are confirmed as genetic markers that are informative in lineage 
(haplotype) analysis, population genetics and evolutionary relationships.  
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Introduction 
The Major Histocompatibility Complex (MHC) class I region in humans is located on 
chromosome 6 (6p21.3). This genomic region, from the MICB gene to telomeric of the 
HLA-F gene (1800kb), is characterized by the presence of expressed genes, pseudogenes, 
expressed sequence tag (EST)-matched sequences, potentially coding sequences and 
sequence Tag-Site (STS) markers (Shiina et al. 1999). The region is best known for the 
presence of the classical and non-classical HLA and MHC related genes (Menier et al. 
2003). However, a large proportion (41.5%) of this genomic region is composed of 
repeat elements, with the Alu (SINE) family occupying 14.8% of the class I region 
(Shiina et al. 1999). Less than 0.5% of Alu elements are reported to be polymorphic in 
humans (Batzer et al. 1990). The allele frequency distribution of some of these 
polymorphic Alu insertions (POALINs) varies in geographically distinct human 
populations (de Pancorbo et al. 2001). A new Alu insertion will reach polymorphic levels 
in only about 100–200 Alu elements per million years, therefore the probability for 
independent insertions of two or more elements at exactly the same nucleotide site is 
almost zero (Batzer et al. 1990). In addition, Alu elements are stable insertions as they 
are rarely completely deleted, leaving behind residual and detectable Alu sequences. 
Therefore, POALINs represent dimorphic alleles (either present or absent at a single site) 
that are identical by descent (Batzer et al. 1994), which means that the ancestral form is 
void of POALINs. These important attributes make POALINs excellent population 
genetic markers. Population studies have been conducted on a large number of 
geographical groups using some POALINs distributed randomly within the whole 
genome (Stoneking et al. 1997, Carrol et al. 2001, Watkins et al. 2001, Antunea-de-
Mayolo et al. 2002).  
 
We have recently identified and characterized 5 POALINs within the MHC class I region 
and applied them to the Australian Caucasian and Japanese populations (Kulski et al. 
2001, 2002, Dunn et al. 2002, 2003a) and a Northeastern Thai population (Dunn et al. 
2005). AluyMICB is located in the beta-block within the first intron of the MICB gene, 
approximately 142kb centromeric of HLA-B. AluyTF is located in the region between 
the beta- and kappa-blocks between the TFIIH and CDSN genes, 348kb telomeric of 
HLA-B and 1070kb centromeric of HLA-A. Three of the five POALINs are present  
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within the alpha-block; AluyHJ close to HLA-J and 82kb centromeric of HLA-A, 
AluyHG close to HLA-G and 85kb telomeric of HLA-A, and AluyHF close to HLA-F 
and 235kb telomeric of HLA-A.  
 
In addition to the interest and importance of the genetic diversity of the individual 
POALINs in different populations, it is also of interest and importance to understand the 
haplotypic nature of these POALINs together with their respective HLA alleles. Many 
researchers have reported on the large number of disease associations with HLA alleles, 
even though, most of the associations are not absolute (<100%). These diseases 
associations are most likely the result of the ‘hitch-hiking’ affect of closely related 
genomic regions (haplotype). Also, some haplotypes that are based solely on HLA alleles 
have been shown to be different when these haplotypes are found in a different 
population (Witt et al. 2002).  Now we can investigate the POALIN genetic diversity and 
the strength of conserved haplotype blocks within the MHC class I haplotypes.  In order 
to carry out this investigation, we at least need to characterise the haplotypes that are 
composed of a combination of POALIN and HLA alleles. We have already shown that 
multiple forms of the Japanese HLA-B48 haplotype are possible based on the presence or 
absence of the POALIN, AluyMICB (Dunn et al. 2003b) and that the most common 
POALIN containing haplotypes are those haplotypes that have only one of the POALINs 
present in the haplotype. 
 
Here, we report on the individual insertion frequencies of the five POALINs within the 
MHC class I region, the POALIN associations with HLA-A and -B, the three and four 
locus alpha block POALIN haplotype frequencies in a Chinese population from Malaysia 
and the phylogenetic relationships of four populations (Australian Caucasian, Japanese, 
Northeastern Thai and Malaysian Chinese) based on the POALIN allele frequencies. 
 
 
Materials and Methods 
Genomic DNA  
Genomic DNA was obtained from 50 unrelated healthy Malaysian Chinese individuals. 
DNA samples were diluted to a concentration of 20 ng per microliter and 1 microliter  
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used for each PCR assays. HLA-A and –B genotype data was obtained for the 50 
individuals (Phipps et al. unpublished).  
 
POALINS and PCR assays 
The five polymorphic Alu insertions (POALINs) used were located in the class I region 
from MICB to telomeric of HLA-F. Primers were designed in the regions flanking the 
POALINs so that PCR products for the absence and the presence of the POALIN were 
distinguished from each other by their different sizes. The PCR assays for the various 
POALINS were the same as those described in previous reports (Kulski et al. 2001, 
2002; Dunn et al. 2002, 2003a). Briefly, the PCR solution (20 ul) contained 20 ng of 
template DNA, primers at 10 mM each, dNTPs at 2 mM each, 0.5 - 1.0 units of 
AmpliTaq polymerase (Applied Biosystems, Foster City, CA) and 3 mM MgCl2 in 10 
mM Tris-HCl buffer pH 8.3. PCR was performed using a Perkin Elmer 2700 Thermal 
cycler programmed for 35 cycles with a denaturation (96
oC - 30 sec), annealing (68
 oC 
for AluyMICB, 62
oC for other - 45 sec) and extension (72
oC - 45 sec) step at each cycle. 
The reaction products were analysed by horizontal gel electrophoresis in 2% agarose 
using Tris-borate-EDTA running buffer. Fragments of different sizes were produced for 
either the presence or the absence of the POALIN; a single fragment of different sizes for 
the 2 homozygous and two fragments for the heterozygous samples. Two DNA samples 
from the International Histocompatibility Workshop (IHW) panel were used as controls, 
one homozygous for the absence and the other homozygous for the presence of Alu 
insertions. Mixtures of the two controls were also included as heterozygous controls with 
each PCR run. 
 
Calculation of frequency and Statistical analysis 
Allele frequencies (AF) were calculated using the formula: AF=sum of each individual 
allele/2N, where N equals the total number of individuals. Hardy-Weinberg equilibrium 
analysis was performed for each of these POALINs. Heterozygosity (H) (Ott 1992) was 
estimated as 1-(p
2+q
2), where p and q are the allele frequencies. Three loci haplotypes (3 
class I alpha block POALINs) and four loci haplotypes (HLA-A plus the 3 loci POALIN 
haplotype) were constructed for each individual sample. Haplotype frequencies and 
Hardy-Weinberg equilibrium were performed using the Arlequin computer program  
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(Schnieder et al. 2000).  HLA associations were determined by calculating the proportion 
of individuals sharing the same HLA allele and an Alu insertion. Linkage disequilibrium 
was represented as the delta measurement (Bengtsson and Thomson 1981) and defined as 
(pA-pB)/(1- pB), where pA and pB are the frequencies of the two alleles (HLA and 
POALIN) tested for association. When a negative delta value is obtained, a 
rearrangement of the variables is applied, whereby the delta prime (delta’) is defined as 
(pB-pA)/(1- pA).  Significance of the differences between the haplotype frequencies for 
the Chinese, Japanese and Australian Caucasians were determined by the contingency 
test (Fisher’s exact test).  
 
Phylogenetic analysis 
Allele frequencies of the 5 POALINs for the Chinese (this study), Japanese and 
Australian Caucasians (Dunn et al. 2002) and Northeastern Thai (Dunn et al. 2005) were 
used to determine the Nei genetic distance values (Nei, 1972) with GENDIST in the 
PHYLIP (v3.5) package (http://evolution.genetics.washington.edu/phylip/versions.html). 
The distance matrix was converted to the MEGA format, and a Neighbour-Joining 
phylogenetic tree constructed in MEGA version 2.0 (Kumar et al. 2001). DisPan 
(Genetic Distance and Phylogenetic Analysis) was also used to confirm the phylogeny 
(http://iubio.bio.indiana.edu:7780/archive/00000022/). 
 
 
Results 
 
Distribution of POALIN allele frequencies in Malaysian Chinese  
The observed genotypes and allele frequencies of the five POALINs are listed in table 1. 
In the sample size of 50 individuals, 16 had the AluyMICB*2 allele (1 homozygote and 
15 heterozygotes), 4 had the AluyTF*2 allele (4 heterozygotes), 27 had the AluyHJ*2 
allele (3 homozygote and 24 heterozygotes), 40 had the AluyHG*2 allele (16 homozygote 
and 24 heterozygotes) and 3 had the AluyHF*2 allele (3 heterozygotes). The most 
frequent POALIN was the AluyHG*2 allele (allele frequency of 0.560), followed by 
AluyHJ*2 (0.300), AluyMICB*2 (0.170), AluyTF*2 (0.040) and the least frequent  
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POALIN was AluyHF*2 (0.030). None of the five POALINs deviated from the Hardy-
Weinberg equilibrium.  
 
Distribution of the three loci alpha block POALIN haplotypes  
Table 2 lists the haplotype identification (A to H) and haplotype definition (POALIN 
allelic state), the observed haplotype frequencies (HF) and the comparisons with 
Australian Caucasian and Japanese haplotypes. The haplotypes were constructed from the 
three alpha-block Alu elements; AluyHJ-AluyHG-AluyHF that are located within a 
320kb genomic region in the alpha-block of the MHC class I genomic region. Assuming 
no linkage disequilibrium (random assortment of the alleles) for the three POALINs 
(loci), we would expect eight different haplotypes, however, only six haplotypes were 
observed (haplotypes A to F). The haplotype with the absence of all three elements 
(haplotype A) was the most common haplotype followed by the haplotype with the 
presence of a single element AluyHG (haplotype D) and AluyHJ (haplotype C) having 
frequencies of 0.524 and 0.270, respectively. The haplotype containing all three elements 
was not observed. A significant difference was observed for haplotype D (only AluyHG 
inserted) between the Chinese and both the Japanese and Australians (p<0.001). 
Haplotype A (no Alu element present) was marginally significant (0.001<p<0.01).  
 
Associations of POALIN s and HLA-A and HLA-B alleles  
Table 3 and 4 shows the number, percentage and delta values of HLA-A and –B class I 
alleles associated with the different POALINs. An association is not considered to be 
significant if only one example of an HLA allele is present in the population. Therefore, 
no positive associations were observed for the AluyTF element (AluyTF*2) with either 
the HLA-B or the HLA-A loci even though increased delta values are observed (negative 
associations). AluyHJ*2 showed a strong association with HLA-A24 (95.0%), HLA-A33 
(66.7%) and HLA-A11 (63.6%), but the HLA-A24 association is the only association with 
a large delta value (0.95). AluyHG*2 showed a strong association with HLA-A2 (100%), 
HLA-A24 (70.0%) and HLA-A11 (63.6%), with only the HLA-A2 association having a 
large delta value (1.00). HLA-A11 and –A24 were associated with both AluyHJ and 
AluyHG. 
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Distribution of the four loci Alpha block haplotypes 
The four loci haplotypes in the alpha block were composed of the HLA-A locus and the 
three POALINs; AluyHJ¸ AluyHG and AluyHF. Table 5 lists the haplotype identities, 
definition (allelic state) and frequencies of the four loci alpha block haplotypes. The four 
loci haplotypes were named by employing an alpha-numeric code; a number that refers to 
the HLA-A allele, followed by the same letter as for the three loci POALIN haplotypes. 
More than 75% of the haplotypes (combined haplotype frequency of 0.756) in this 
population constitute four distinct haplotypes with frequencies of 0.340, 0.183, 0.126 and 
0.107 for haplotypes 2D, 24C, 24D and 11A, respectively. Haplotype 11A does not 
contain any of the Alu insertions, while the other three haplotypes (2D, 24C and 24D), 
each contain a single Alu insertion. Two of these three haplotypes correlate with the 
POALIN/HLA-A allele association; haplotype 2D having AluyHG*2 and HLA-A2, and 
haplotype 24C having AluyHJ*2 and HLA-A24 associated. In contrast, haplotype 24D 
implies an association between AluyHG*2 and HLA-A2.  
 
Phylogenic analysis of five POALINs in four Populations 
Allele frequencies of the five POALINs in four populations (table 6) produced the 
genetic distance values (table 7) that were used to construct the phylogenetic tree in 
figure 1. A theoretical ‘out group’ with frequencies close to zero (the ancestral state of 
each POALIN) was used to root the tree. Based on the ancestral form being the root of 
the tree, the POALINs infer that the three Asian populations (Chinese, Japanese and NE 
Thai) cluster together and the Australian Caucasian were separated (bootstrap value of 
60) from the Asian cluster. The same phylogenetic tree was obtained with the DisPan 
program (data not shown). 
 
 
Discussion 
Base on the genotype distribution obtained from the allele frequencies, the collection of 
individuals in this study constitute a random population sample that is in Hardy-
Weinberg equilibrium. The frequency of the AluyHG*2 allele for the Malaysian Chinese 
(0.560) was significantly increased (p<0.001) compared to the frequency for the 
Australian Caucasian (0.301), Japanese (0.270) and Northeastern Thai (0.292). A similar  
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allele frequency for AluyHF*2 found in the Malaysian Chinese (0.030) also occurred in 
the Japanese (0.064) and Northeastern Thai (0.018), but the frequency was significantly 
increased (p<0.001) in the Australian Caucasian (0.203). The two POALINs, AluyHJ and 
AluyHG, had the highest heterozygosity value (2pq) of the 5 POALINs, as observed in 
other populations (Kulski et al. 2001, 2002, Dunn et al. 2002, 2003a). The increased 
allele frequency for AluyHG*2 in the Malaysian Chinese was due to the increased 
number of HLA-A2 alleles in the population. These two alleles were associated 100% of 
the time. The strong HLA associations of the POALINs were similar to the associations 
found in the other populations, that is, HLA-A2 with AluyHG and HLA-A24 with AluyHJ, 
while additional associations were found for the two HLA-A alleles, HLA-A33 and -A11, 
with AluyHJ, and for the two HLA-A alleles, HLA-A24 and -A11, with AluyHG. A 
plausible explanation for the unexpected association between HLA-A24 and AluyHG is 
the increased number of heterozygote HLA-A2/HLA-A24 individuals present in the 
population that were also heterozygous for AluyHG, and importantly, the phase of the 
associated alleles were unknown. This increased frequency of the AluyHG*2 allele 
presented itself in the haplotype analysis as well, where the haplotype D occured at the 
highest frequency (0.524) which is significantly higher in the Malaysian Chinese than in 
either the Australian Caucasian (0.200), Japanese (0.199) and Northeastern Thai (0.265) 
populations (Dunn et al. 2005).  
 
A large proportion (81.8%) of the Malaysian Chinese haplotypes were detected to have 
only one of the POALINs inserted, and 14.6% were found to have no insertions. 
Therefore, 3.6% of the haplotypes had a POALIN insertion at more than one locus. 
Adding the HLA-A locus to the analysis of the POALIN haplotypes further supports the 
strong associations between the HLA-A alleles and some of the POALIN loci. The HLA-
A11 allele was found to be associated with one or other of the three different Alu 
elements as independent haplotypes, suggesting that the insertions may have occurred in 
different individuals with the same HLA-A allele or that there have been relatively high 
rates of recombination between individuals with the HLA-A11 and different POALINs. 
This is an example of a haplotype that is the same based on the HLA-A allele, but 
different when the POALINs are included in the haplotype analysis. The MHC POALINs 
together with the HLA alleles will have an increased potential to differentiate between  
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population and/or regional specific haplotypes. The four populations group into their 
regional proximity and population classification based on the MHC POALIN allelic 
frequencies.  The MHC POALINs are therefore confirmed as genetic markers that are 
informative in lineage (haplotype) analysis, population genetics and evolutionary 
relationships. 
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Figure 1 Legend 
A neighbor-joining tree showing the phylogenetic relationship of four populations based 
on five MHC class I POALINs. The tree is rooted with an ‘out group’ that has 
frequencies for each POALIN close to zero (the expected ancestral form would have no 
POALINs).   
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Table 1. Observed genotypes, allele frequencies, Hardy-Weinberg significance and 
heterozygosity for AluyMICB, AluyTF, AluyHJ, AluyHG and AluyHF in a Malaysian 
Chinese population (n=50).  
               
 Genotypes    Allele  frequencies      Heterozygosity 
    1,1 1,2 2,2      Aluy*1 Aluy*2  X
2  p  H 
               
AluyMICB 34  15  1    0.830  0.170  0.199  0.66 0.282 
                  
AluyTF 46  4  0    0.960  0.040  -  -  0.077 
                  
AluyHJ 23  24  3    0.700  0.300  1.020  0.31 0.420 
                  
AluyHG  10 24 16   0.440  0.560 0.034  0.85 0.493 
                  
AluyHF 47  3  0    0.970  0.030  -  -  0.058 
                            
Genotypes:   1,1 = homozygote absent         
 1,2  =  heterozygote            
  2,2 = Homozygote present        
Table 2. Alu haplotypes, haplotype frequencies in the Malaysian Chinese population and comparisons to the 
Australian and Japanese populations.  
             Haplotype 
Alu           Haplotype frequencies    differences between  
Haplotype     Alu Haplotype     Chinese Australian  Japanese  populations (p
b) 
Id AluyHJ  AluyHG  AluyHF n=50  n=105  n=87  Chin-Austr
Chin-
Japn 
                
A   1  1  1  0.146  0.355  0.364  0.007  0.006 
B 1  1  2  0.018  0.104  0.038  0.059  0.513 
C 2  1  1  0.276  0.224  0.325  0.479  0.549 
D 1  2  1  0.524  0.200  0.199  <0.001  <0.001 
E 1  2  2  0.011  0.088  0.021  0.065  0.666 
F 2  2  1  0.024  0.017  0.053  0.767  0.417 
G 2  1  2  0.000  0.012  0.000  0.436 - 
                          
                
a Haplotype frequencies were determined by using the Arlequin computer software pakage   
b  Haplotype differences were calculated by the 2X2 contingency (haplotype numbers in gene pool) 
Chin = Chinese, Austr = Australian caucasian, Japn = Japanese.       
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Table 3.  The number and percentage of HLA-A alleles associated with dimorphic Alu (AluyHJ, HG and HF) 
insertions in Malaysian Chinese   
                     
HLA-A 
allele 
Total HLA-
A alleles 
No. with 
AluyHJ*2 
% with 
AluyHJ*2
Delta  No. with 
AluyHG*2
% with 
AluyHG*2
Delta  No. with 
AluyHF*2 
% with 
AluyHF*2
Delta 
                        
2  34 16  47.1  0.11  34 100.0  1.00  1 2.9  0.97
# 
11  22 14  63.6  0.43  14 63.6  0.43  1 4.5  0.95
# 
26  1 0  0.0  -  1 100.0  1.00  1 100.0  1.00 
24  20 19  95.0  0.95  14 70.0  0.57  1 5.0  0.95
# 
30  1 0  0.0  -  0 0.0  -  0 0.0  - 
33  3 2  66.7  0.50  1 33.3  0.50
#  1 33.3  0.50
# 
31 1  0  0.0  -  0 0  -  0 0.0  - 
                                
Aluy*2 represents the presence of the insertion           
 
# delta values less than 0, therefore delta’ calculated            
 
Table 4.  The number and percentage of HLA-B alleles associated with the dimorphic 
AluyMICB and AluyTF in Malaysian Chinese   
             
HLA-B 
allele 
Total HLA-B 
alleles 
No. with 
AluyMICB*2 
% with 
AluyMICB*2
Delta  No. with 
AluyTF*2 
% with 
AluyTF*2 
Delta 
                
7 1  0  0.0 - 1  100.0 1.00 
13  5 1  20.0  0.75
# 
0  0.0 - 
27  1 1  100.0  1.00  0  0.0 - 
35  5 3  60.0  0.33  1  20.0 0.75
# 
46  17 2  11.8  0.87
# 
1  5.9 0.90
# 
54  5 5  100.0  1.00  0  0.0 - 
55  7 2  28.6  0.60
# 
0  0.0 - 
61  4 2  50.0  0.00  0  0.0 - 
40/60  18 5  27.8  0.62
# 
1  5.6 0.94
# 
75  8 4  50.0  0.00  1  12.5 0.86
# 
62  2 1  50.0  0.00  0  0.0 - 
48  1 1  100.0  1.00  0  0.0 - 
58  6 2  33.3  0.50
# 
1  16.7 0.80
# 
38  7 0  0.0  -  0  0.0 - 
39  2 0  0.0  -  1  50.0 0.00 
76  2 0  0.0  -  0  0.0 - 
52  1 0  0.0  -  0  0.0 - 
51 2  0  0.0 - 1  50.0 0.00 
                       
Aluy*2 represents the presence of the insertion       
 
# delta values less than 0, therefore delta’ calculated          
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Table 5. Alpha block haplotype identification (id), definition and 
frequencies in the Malaysian Chinese (n=50). 
     Haplotype         
Haplotype 
Id  AluyHJ HLA-A AluyHG  AluyHF  Frequency
      
2D 1 A2 2  1  0.340 
2E 1 A2 2  2  0.010 
11A 1 A11 1  1  0.107 
11D 1 A11 2  1  0.046 
24A 1 A24 1  1  0.012 
24D 1 A24 2  1  0.126 
26E 1 A26 2  2  0.010 
30A 1 A30 1  1  0.010 
31A 1 A31 1  1  0.010 
33A 1 A33 1  1  0.020 
33B 1 A33 1  2  0.010 
11C 2 A11 1  1  0.088 
11F 2 A11 2  1  0.029 
24C 2 A24 1  1  0.183 
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Table 6. The five POALIN allele frequencies in four different populations used for 
genetic distance calculations. 
    POALIN allele frequencies 
Population   AluyMICB AluyTF AluyHJ AluyHG AluyHF 
Australian Caucasian    0.157  0.107  0.252  0.301  0.203 
Japanese   0.118  0.083  0.376  0.270  0.064 
Northeastern Thai    0.117  0.086  0.292  0.292  0.018 
Chinese (Malaysia)     0.170  0.040  0.300  0.560  0.030 
            
 
 
 
 
Table 7. Genetic distance values from the five POALIN allele frequencies 
in four different populations. 
        
     Genetic distance values 
Population      1 2 3 4 
1 Australian Caucasian           -       
2 Japanese    0.008       
3 Northeastern Thai    0.0079  0.001     
4  Chinese  (Malaysia)   0.0262 0.0235 0.0185     
5 Root     0.0324  0.0391  0.0305  0.0305 
        
 
 
Figure 1. 
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Abstract 
 
A large number of geographical populations have been studied for polymorphic Alu 
insertions (POALINs) that are located in random positions in the human genome. We 
have recently identified and characterized five POALINs within the Major 
Histocompatibility Complex (MHC) class I region. The MHC in humans is one of the 
most polymorphic regions of the human genome and is characterize by strong linkage 
equilibrium. Population studies are limited for these POALINs with reports on only four 
other populations; Australian Caucasian, Japanese, Northeastern Thai and Malaysian 
Chinese. Here we report on the individual insertion frequency of the 5 POALINs within 
the MHC class I region, their HLA-A and -B associations, the three locus alpha block 
POALIN haplotype frequencies and the four loci HLA-A/POALIN haplotype frequencies 
in the Khalk Mongolian population, and the phylogenetic relationship of five populations 
based on the five POALIN allele frequencies. The POALIN, AluyMICB was present at 
the highest frequency (0.378), followed by AluyHJ (0.293), AluyHG and AluyTF 
(0.220), and AluyHF (0.098). Strong associations were present between AluyHJ and 
HLA-A24, between AluyHG and HLA-A2, between AluyHF and HLA-A26, and 
between AluyMICB and HLA-B13, -B48, -B57 and –B35. The three loci POALIN 
haplotypes containing the AluyHG (0.220) and AluyHJ (0.292) insertions were increased 
relative to the remaining haplotypes. The HLA-A2/AluyHG (0.180) and the HLA-
A24/AluyHJ (0.157) haplotype were the most common four locus haplotypes. The Kalk 
Mongolian population cluster with the Asian populations. The MHC POALINs are 
valuable as genetic markers because they contribute to the genetic diversity of the Khalk 
Mongolian population. 
 
 
Introduction 
The detection of DNA sequence genetic diversity between human individuals within and 
between different populations is important in the studies of health and disease, forensics, 
paternity and population genetics. The Major Histocompatibility Complex (MHC) class I 
region located on chromosome 6 (6p21.3) is a region that has claimed much attention. 
This genomic region, from the MICB gene to telomeric of the HLA-F gene (1800kb), is  
 
129
characterized by the presence of expressed genes, pseudogenes, expressed sequence tag 
(EST)-matched sequences, potentially coding sequences and sequence Tag-Site (STS) 
markers (Shiina et al. 1999). The region is best known for the presence of the classical 
and non-classical HLA and MHC related genes (Menier et al. 2003). However, a large 
proportion (41.5%) of this genomic region is composed of repeat elements, with the Alu 
(SINE) family occupying 14.8% of the class I region (Shiina et al. 1999). Less than 0.5% 
of Alu elements are reported to be polymorphic in humans (Batzer 1990). The frequency 
distribution of some of these polymorphic Alu elements (POALINs) varies in 
geographically distinct human populations (Batzer et al. 1996; de Pancorbo et al. 2001; 
Nasidze et al. 2001; Watkins et al. 2003). POALINs represent dimorphic alleles (either 
present or absent at a single chromosomal site) that can be easily analysed by PCR (Roy-
Engel et al. 2001; Carrol et al. 2001; Watkins et al. 2003).  These important attributes 
make POALINs excellent population genetic markers.  
 
We have recently identified and characterized 5 POALINs within the MHC class I region 
and applied them to the Australian Caucasian and Japanese populations (Kulski et al. 
2001, 2002a, Dunn et al. 2002, 2003a) and a Northeastern Thai population (Dunn et al. 
2005). Not only is the genetic diversity of the individual POALINs in different 
populations of interest and importance, but also of importance is the haplotypic nature of 
these POALINs together with the respective HLA alleles. MHC class I POALINs have 
the capacity to increase the haplotypic diversity of the region. Some haplotypes based on 
HLA alleles in different populations appear to be the same, but are actually different 
(Witt et al. 2002). We now have the additional genetic tools for investigating the genetic 
diversity and the strength of conserved blocks within the MHC class I haplotypes.  In 
order to conduct this investigation, we first need to characterise haplotypes composed of 
a combination of POALIN and HLA alleles. We have already shown that multiple forms 
of the Japanese HLA-B48 haplotype are possible based on the presence or absence of the 
POALIN, AluyMICB, amongst other markers (Dunn et al. 2003b). 
 
There are about 20 different cultural groups residing in Mongolia. Ethnologically, the 
Mongolian population can be divided into four distinct groups: Khalkha, Oirat, Turkic-
speaking, and Northeastern Mongols (Chimge and Batsuuri 1999). The Khalkhas are the  
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major group of Mongolians and they are dispersed throughout the entire territory of 
Mongolia.  
 
Here, we report on the individual insertion frequency of the 5 POALINs within the MHC 
class I region, their HLA-A and -B associations, the three locus alpha block POALIN 
haplotype frequencies and the four loci HLA-A/POALIN haplotype frequencies in the 
Khalkh Mongolian population, and the phylogenetic relationship of five populations 
based on the five POALIN allele frequencies. 
 
 
Materials and Methods 
Genomic DNA and HLA Genotypes  
Genomic DNA was obtained from 41 unrelated healthy Mongolians individuals. DNA 
samples were diluted to a concentration of 20ng per microliter and 1 microliter used for 
each PCR assay. HLA-A and HLA-B genotype data for the 41 individuals was used for 
the analysis (Munkhbat et al. 1997). 
 
POALINS and PCR assay 
The polymorphic Alu insertions (POALINs) used were located in the class I region from MICB 
to telomeric of HLA-F (fig). The PCR assays for the various POALINS were the same as those 
described in previous reports (Kulski et al. 2001, 2002a, Dunn et al. 2002 and 2003a).  
 
 
Analysis 
Allele frequencies (AF) were calculated using the formula: AF=sum of each individual 
allele/2N, where N equals the total number of individuals. Hardy-Weinberg equilibrium 
analysis was performed for each POALIN. Three loci haplotypes (3 class I alpha block 
POALINs) and four loci haplotypes (HLA-A plus the 3 loci POALINs) were constructed 
for each individual sample. Haplotype frequencies (HF) and Hardy-Weinberg 
equilibrium were performed using the Arliquin computer program (Schnieder et al. 
2000). HLA associations were determined by calculating the proportion of individuals  
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sharing the same HLA allele and an Alu insertion. Linkage disequilibrium was 
represented as the delta measurement (Bengtsson and Thomson 1981) and defined as 
(pA-pB)/(1- pB), where pA and pB are the frequencies of the two alleles (HLA and 
POALIN) tested for association. When a negative delta value is obtained, a 
rearrangement of the variables is applied, whereby the delta prime (delta’) is defined as 
(pB-pA)/(1- pA).  Significance of the differences between the haplotype frequencies for 
the Chinese, Japanese and Australian Caucasians were determined by the contingency 
test (Fisher’s exact test).  
 
Phylogenetic analysis 
Allele frequencies of the 5 POALINs for the Chinese (this study), Japanese and 
Australian Caucasians (Dunn et al. 2002) and Northeastern Thai (Dunn et al. 2005) were 
used to determine the Nei genetic distance values (Nei, 1972) with GENDIST in the 
PHYLIP (v3.5) package (http://evolution.genetics.washington.edu/phylip/versions.html). 
The distance matrix was converted to the MEGA format, and a Neighbour-Joining 
phylogenetic tree constructed in MEGA version 2.0 (Kumar et al. 2001). DisPan 
(Genetic Distance and Phylogenetic Analysis) was also used to confirm the phylogeny 
(http://iubio.bio.indiana.edu:7780/archive/00000022/). 
 
 
Results 
 
Distribution of POALIN Frequencies in Khalkh Mongolians 
The genotypes and allele frequencies of the 5 POALINS are listed in table 1. In the total 
sample size of 41 individuals, 20 had the AluyMICB*2 allele (11 homozygotes and 9 
heterozygotes), 15 had the AluyTF*2 allele (3 heterozygotes and 12 heterozygotes), 19 
had the AluyHJ*2 allele (5 homozygote and 14 heterozygotes), 14 had the AluyHG*2 
allele (4 homozygote and 10 heterozygotes) and 8 had the AluyHF*2 allele (8 
heterozygotes). The most frequent POALIN was the AluyMICB*2 allele (allele frequency 
of 0.378), followed by AluyHJ*2 (0.293), AluyHG*2 and AluyTF*2 (0.220) and the least 
frequent POALIN was AluyHF*2 (0.098). The AluyMICB did not conform to Hardy- 
 
132
Weinberg equilibrium, more heterozygotes (19.28) were expected then observed (9) from 
the allele frequencies. 
 
Distribution of the Three Loci POALIN Haplotypes  
Haplotypes were constructed from the three alpha-block POALINs; ‘AluyHJ-AluyHG-
AluyHF’ that were located within a 320kb genomic region. Table 2 lists the haplotype 
identification (A to H) and haplotype definition (POALIN allelic state), their expected 
frequencies (from allele frequencies), their observed frequencies (HF) and comparisons 
with Australian Caucasian and Japanese haplotypes. Assuming no linkage equilibrium 
for the three POALINs (loci), we would expect eight haplotypes, however, only six 
haplotypes are observed (haplotypes A to F). Haplotype A has ‘allele 1’ at all three loci, 
which is the absence of an Alu insertion at any of the sites (loci). This was the most 
common haplotype observed (HF=0.464). The presence of an Alu insertion, ‘allele 2’ at 
any one locus site is represented by haplotype C (locus AluyHJ), haplotype D (locus 
AluyHG) and haplotype B (locus AluyHF) having frequencies of 0.256, 0.159 and 0.049, 
respectively. Haplotypes E, F and G each contain 2 POALINs with frequencies of 0.037, 
0.024 and 0.012, respectively. The haplotype containing an Alu insertion (allele 2) at all 
loci was not observed. No significant difference was observed between the Mongolian 
and Japanese haplotypes and between the Mongolian and Australian Caucasian 
haplotypes.  
 
Associations of POALINs with HLA-A and HLA-B alleles 
An association between the HLA alleles and the presence of a POALIN was considered 
to be insignificant if only one example was observed in the population.  Tables 3 and 4 
lists the number and percent of HLA-A and HLA-B associations with POALINs, 
respectively. A strong association (Table 3) was observed between AluyHJ*2 and HLA-
A24 (88.2%) and HLA-A1 and –A33 (57.1%). AluyHG*2 is strongly associated with 
HLA-A2 (92.9%) and –A30 (66.7%). AluyHF*2 was associated relatively strongly with 
HLA-A26 (75.0%). AluyTF*2 shows association with HLA-A11, –A30, -B7, -B38 and –
B48. AluyMICB*2 associated with HLA-B13, -B35, -B48 and –B57 (Table 4). Some 
negative associations (<50%) have large delta values, indicating that the negative 
associated alleles are in linkage disequilibrium.  
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Distribution of the Four Loci Alpha Block Haplotypes 
The 4 loci haplotypes in the alpha block were composed of the HLA-A locus and the 
three POALINs, AluyHJ¸ AluyHG and AluyHF. Table 5 lists the haplotype identities, 
definition and frequencies of the 4 locus alpha block haplotypes. The list includes only 
the haplotypes that would yield at least 1 individual carrying that haplotype, therefore 
only thirty-two haplotypes were listed. The 4 loci haplotypes were named by employing 
an alpha-numeric code; a number that refers to the HLA-A allele, followed by the same 
letter as for the 3 loci POALIN haplotypes. The haplotypes 24C with the AluyHJ 
insertion and the haplotypes 2D with the AluyHG insertion were relatively prevalent with 
frequencies of 0.157 and 0.180, respectively. Most of the haplotypes have either no 
POALIN (1A, 3A, 11A, 23A, 24A, 26A, 30A, 31A, 33A and 68A) or a single POALIN 
(1B, 1C, 2B, 2D, 11C, 24C, 26B, 30C AND 69D) present, while only 2 haplotypes (2F 
and 24G) have more that one POALIN present. 
 
Phylogenetic analysis of  POALINs in five Populations 
The genetic distance values (table 6) obtained from the allele frequencies of the five 
POALINs in the five populations were used to construct the phylogenetic tree in figure 1. 
A theoretical ‘out group’ with frequencies close to zero (the ancestral state of each 
POALIN) was used to root the tree. Base on the ancestral form being the root of the tree, 
the POALINs infer that the four Asian populations (Mongolian, Chinese, Japanese and 
NE Thai) cluster together and the Australian Caucasian were separated (bootstrap value 
of 37) from the Asian cluster. The same phylogenetic tree was obtained using the 
standard distance measurement with the DisPan program (data not shown). 
 
Discussion 
The 5 POALINs have now been identified and characterized in 4 different populations, 
the Australian Caucasian and Japanese (Kulski et al. 2001, 2002a, Dunn et al. 2002, 
2003a), the Northeastern Thai (Dunn et al. 2005) and the Mongolians. The largest 
insertion frequency of 0.292 (p>0.40) in the Northeastern Thais was detected for the 
AluyHJ and AluyHG loci. The AluyHG (AluyHG*2) insertion frequency in the  
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Northeastern Thais was similar to the Australian Caucasians (0.301) and Japanese (0.270) 
whereas, the AluyHJ frequency was lower in the Australians (0.252) and higher in the 
Japanese (0.376) (Dunn et al. 2002) than the Northeastern Thais (0.292). The AluyMICB 
insertion (AluyMICB*2) occurred at a frequency of 0.117 (p>0.80) in the Northeastern 
Thais, a frequency that was lower than in the Australian Caucasians (0.157) (Kulski et al. 
2002a) and Japanese (0.242) (Dunn et al. 2003b). The strong frequency associations 
between some of the HLA alleles and POALINs in the Northeastern Thais, such as 
between HLA-A2 and AluyHG, HLA-A24 and AluyHJ, HLA-A26 and AluyHF, and –
HLA-B57 and AluyMICB, were the same as in the Australian Caucasians and Japanese 
(Kulski et al. 2001, 2002a, Dunn et al. 2002, 2003a). 
 
The haplotype analysis of the three POALIN loci within the alpha block of the Khalk 
Mongolian population supports the linkage disequilibrium findings of the MHC class I 
region, where a higher frequency of some haplotypes were observed than the frequency 
that would be expected from the random association of the alleles that make up the 
haplotype(0.005>p>0.001). A large proportion (55.1%) of the Khalkh Mongolian 
haplotypes were detected to have either one of the POALINs inserted, and 42.1% were 
found to have no insertions. Therefore, only 2.7% of the haplotypes had a POALIN 
insertion at more than one locus. The haplotypes with multiple POALIN sites have 
probably arisen by recombination of haplotypes with single polymorphic Alu some time 
after their insertion because the likelihood of Alu insertions occurring at different loci 
within the same individual (haplotype) is extremely rare. Adding the HLA-A locus to the 
analysis of the POALIN haplotypes in Khalkh Mongolians further supports the strong 
associations between the HLA-A alleles and some of the POALIN loci. POALINs can 
cluster populations from adjacent geographical locations and from cultural and linguistic 
affinities. Therefore the MHC POALINs have value as lineage and linkage markers for 
the study of human population genetics, genomic diversity and evolution. 
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Figure 1 Legend 
A neighbor-joining tree showing the phylogenetic relationship of five populations based 
on five MHC class I POALINs. The tree is rooted with an “out group” that has 
frequencies for each POALIN close to zero (the expected ancestral form would have no 
POALINs). The Mongolian, Japanese, NE Thai and Chinese (Asian) form a cluster that is 
separated from the Australian Caucasians based on the five MHC class I POALINs. 
  
 
138
 
Table 1. Observed genotypes, allele frequencies and Hardy-Weinberg significance for 
AluyMICB, AluyTF, AluyHJ, AluyHG and AluyHF in a Khalkh Mongolian population (n=41).  
              
 Genotypes  Allele Frequencies    
   1,1  1,2  2,2  Aluy*1 Aluy*2  X
2  p 
              
AluyMICB 21  9  11  0.622  0.378  11.657  0.06 
              
AluyTF 26  12  3  0.780  0.220  0.872  35.04 
              
AluyHJ 22  14  5  0.707  0.293  1.260  26.17 
              
AluyHG 27  10  4  0.780  0.220  3.405  6.50 
              
AluyHF 33  8  0  0.902  0.098  -  - 
                       
Genotypes:  1,1 = homozygote absent         
  1,2 = heterozygote          
  2,2 = homozygote present         
 
 
Table 2. Alpha block POALIN haplotype identification (id), definition and frequencies in the Khalkh Mongolian population and a 
comparison with the Australian Caucasian and Japanese population.  
                 
                Haplotype differences  
Alu       Haplotype  frequencies
a  between Mongolian & 
Haplotype    
Alu 
Haplotype     Expected  Mongolian  Australian
c  Japanese
c  Australian Japanese 
Id AluyHJ  AluyHG  AluyHF 
from 
alleles
d  n=41 n=105  n=87  (p)
b  (p)
b 
                 
A   1  1  1  0.497  0.464  0.355  0.364  0.226  0.283 
B 1  1  2  0.054  0.049  0.104 0.038  0.293  0.772 
C 2  1  1  0.206  0.256  0.224 0.325  0.679  0.429 
D 1  2  1  0.140  0.159  0.200 0.199  0.565  0.583 
E 1  2  2  0.015  0.037  0.088 0.021  0.285  0.605 
F 2  2  1  0.058  0.024  0.017 0.053  0.769  0.461 
G 2  1  2  0.022  0.012  0.012 0.000  0.992  - 
                             
a Haplotype frequencies were determined by using the Arlequin computer software package.     
 
b  Haplotype differences were calculated by the 2X2 contingency (haplotype numbers in gene pool).     
 
c  From Dunn et al.. (2002).             
 
d Product of the allele frequencies from table 1.             
Difference between expected and observed haplotype frequencies is significant, 0.05>p>0.01.  
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Table 3.  The number and percent of HLA-A alleles associated with POALINs (AluyHJ, AluyHG, AluyHF & AluyTF) in a Khalkh 
Mongolian population. 
                           
HLA-A 
allele 
Total 
HLA-A 
alleles 
No. with 
AluyHJ*2 
% with 
AluyHJ*2  Delta  No. with 
AluyHG*2
% with 
AluyHG*2 Delta No. with 
AluyHF*2
% with 
AluyHF*2 Delta  No. with 
AluyTF*2 
% with 
AluyTF*2 Delta
                               
1 7  4  57.1  0.25  0  0.0  - 2  28.6  0.60
#  2 28.6  0.60
#
2 14  6 42.9  0.25
#  13 92.9  0.92  4  28.6  0.60
#  7 50.0  0.00
3 3  0 0.0  - 0  0.0  - 1  33.3  0.50
#  1 33.3  0.50
#
11 5  1 20.0  0.75
#  0 0.0  -  0 0.0  -  3  60.0  0.33
24 17  15 88.2  0.87  5  29.4  0.58
#  4 23.5  0.69
#  6 35.3  0.45
#
26 4  2 50.0  0.00  1  25.0  0.67
#  3 75.0  0.67  2  50.0  0.00
30 3  1 33.3  0.50
#  2 66.7  0.50  0  0.0  -  2  66.7  0.50
33 7  4 57.1  0.25  0  0.0  - 0  0.0  - 1 14.3  0.83
#
31 4  0  0.0  -  1  25  0.67
#  0 0.0  -  1  25.0  0.67
#
23 1  0  0.0  -  0  0 - 0  0.0  - 0  0.0  - 
68 1  0  0.0  -  0  0 - 0  0.0  - 0  0.0  - 
69 1  0  0.0  -  1  100  1.00  0  0.0  - 0  0.0  - 
                                         
Aluy*2 represents the presence of the insertion                 
 
# delta values less than 0, therefore delta’ calculated                 
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Table 4.  The number, percent and delta values of HLA-B alleles associated with 
POALINs AluyMICB and AluyTF in a Khalkh Mongolian population.   
             
HLA-B 
allele 
Total HLA-B 
alleles 
No. with 
AluyMICB*2 
% with 
AluyMICB*2
Delta  No. with 
AluyTF*2
% with 
AluyTF*2
Delta 
                 
7  7 4  57.1 0.25  5  71.4 0.60 
13  4 4  100.0  1.00  2  50.0  0.00 
35  2 2  100.0  1.00  0  0.0  - 
37  5 3  60.0  0.33  1  20.0  0.75
# 
38  2 1  50.0  0.00  2  100.0  1.00 
40  7 3  42.9  0.25  2  28.6  0.60
# 
44  4 1  25.0  0.67
#  1 25.0  0.67 
48  6 4  66.7  0.50  4  66.7  0.50 
51  11 4  36.4  0.43  5  45.5  0.17 
52  3 0  0.0  -  1  33.3  0.50
# 
53  1 1  100.0  1.00  0  0.0  - 
57  2 2  100.0  1.00  0  0.0  - 
58  8 3  37.5  0.40  1  12.5  0.86
# 
54  1 1  100.0  1.00  1  100.0  1.00 
62  4 2  50.0  0.00  2  50.0  0.00 
14  2 0  0.0  -  0  0.0  - 
46  1 0  0.0  -  0  0.0  - 
70  2 1  50.0  0.00  0  0.0  - 
75  2 0  0.0  -  1  50.0  0.00 
                       
Aluy*2 represents the presence of the insertion       
 
# delta values less than 0, therefore delta’ calculated       
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Table 5. Alpha block haplotype identification (id), definition and 
frequencies in the KhalkhMongolian population (n=41) 
        
   Haplotype  
  
Haplotype 
Id  AluyHJ HLA-A AluyHG  AluyHF Frequency
         
  1A  1 1 1 1  0.024 
  1B  1 1 1 2  0.012 
  1C  2 1 1 1  0.049 
  2A  1 2 1 1  0.012 
  2B  1 2 1 2  0.012 
  2D  1 2 2 1  0.180 
  2F  2 2 2 1  0.015 
  3A  1 3 1 1  0.049 
  11A  1 11 1  1  0.073 
  11C  2 11 1  1  0.024 
  23A  1 23 1  1  0.012 
  24A  1 24 1  1  0.062 
  24C  2 24 1  1  0.157 
  24G  2 24 1  2  0.038 
  26A  1 26 1  1  0.013 
  26B  1 26 1  2  0.036 
  30A  1 30 1  1  0.027 
  30C  2 30 1  1  0.010 
  31A  1 31 1  1  0.049 
  33A  1 33 1  1  0.098 
  68A  1 68 1  1  0.024 
  69D  1 69 2  1  0.024 
                    
All haplotypes shown as determined by Arlequin     
 
  
 
142
 
Table 6. Matrix of Standard genetic distances for 5 populations and a hypothetical root 
         
 Thai  Chinese  Japanese  Aus_Caucasian  Mongolian 
         
Chinese 0.019         
Japanese 0.001  0.024       
Aus_Caucasian 0.008  0.026  0.008     
Mongolian 0.022  0.051  0.022 0.020   
Root 0.031  0.086  0.039  0.032  0.052 
                 
         
 
Figure 1. 
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Abstract 
 
Most evolutionary studies emphasize the unique role of the sub-Saharan African 
populations in the evolution of modern humans and genetic polymorphism data strongly 
support the out-of-Africa hypothesis for the origin of modern humans. The Major 
Histocompatibility Complex (MHC) class I polymorphic Alu insertions (POALINs) are 
polymorphic and expected to support the out-of-Africa hypothesis. 
Here, we examine genetic variation at the five POALIN loci in four Southern African 
populations by determining the POALIN genotypic and allelic distribution, the POALIN 
(three loci and five loci) haplotype distribution, and the phylogenetic relationship of five 
populations based on the five POALIN allele frequencies. All five MHC class I 
POALINs were polymorphic in the four Southern African populations. Haplotype 
analyses reveal that POALIN haplotypes with only one of the loci containing the 
insertion allele was more common than POALIN haplotypes with multiple loci 
containing the insertion allele. Southern African populations cluster together, and are 
separated from the ‘non-African’ populations, a finding that supports the out-of-Africa 
hypothesis.   
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Introduction 
 
The population genetics of Southern African human populations have been extensively 
studied for more than six decades with early reports on sickle cell anaemia (Trowel 1945; 
Lehmann and Raper 1949), haemolytic anaemia of the newborn (Zoutendyk 1962) and 
genetic distance studies with protein polymorphisms (Cavalli-Sforza et al 1969). 
Advances in DNA technology have led to the development of DNA polymorphism in 
human populations (Botstein et al 1980) and particularly the evolutionary history of 
human populations. Most of these evolutionary studies emphasize the unique role of the 
sub-Saharan African populations in the evolution of modern humans and strongly support 
the out-of-Africa hypothesis for the origin of modern humans (Cann et al 1987; Vigilant 
et al 1991; Bowcock et al 1994; Goldstein et al 1995; Horai et al 1995; Jorde et al 1995). 
Genome-wide polymorphic Alu insertions have also provided support for the above 
hypothesis (Batzer et al 1996). The Major Histocompatibility Complex (MHC) 
polymorphisms in particular the HLA-A, HLA-B and HLA-C loci can be interpreted to 
support the out-of-Africa hypothesis when bottlenecks and differential population 
migration patterns were considered (Coa et al 2003). Polymorphic Alu insertions 
(POALINs) are present within the MHC genomic region. Recently, we identified five 
unique POALINs spanning approximately 1.8 Mbs within the class I region of the MHC 
on the short arm of chromosome 6 (Kulski et al 2001, 2002; Dunn et al 2002, 2003). 
These five POALINs had not been previously described in an analysis of more than 4000 
recently integrated AluYa5 and Yb8 family members (Carroll et al 2001; Roy-Engel et al 
2001). These POALINs were in linkage disequilibrium with respective HLA loci and 
were considered markers for some MHC class I haplotypes. Therefore, these POALINs 
located within the MHC class I region should show genetic variation in sub-Saharan 
African populations and when these populations are compared to other (non- sub-Saharan 
African) populations, differences will be expected to support the out-of-Africa 
hypothesis. 
 
Here, we examine genetic variation at the five POALIN loci in four Southern African 
populations by determining the POALIN genotypic and allelic distribution, the POALIN  
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(three loci and five loci) haplotype distribution, and the phylogenetic relationship of five 
populations based on the five POALIN allele frequencies. 
 
   
 
Materials and Methods 
Genomic DNA  
DNA samples from 50 Southeastern Bantu Speakers, 43 Khoi, 60 Sekele San and 42 
!Kung San from Southern Africa were made available for this study. DNA samples were 
diluted to a concentration of 20ng per microliter and 1 microliter used for each PCR 
assay.  
 
POALINS and PCR assay 
The polymorphic Alu insertions (POALINs) used were located in the class I region from 
MICB to telomeric of HLA-F. The PCR assays for the various POALINS were the same 
as those described in previous reports (Kulski et al 2000, 2001, Dunn et al 2002 and 
2003). Briefly, the PCR solution (20 μl) contained 20 ng of template DNA, primers at 10 
μM each, dNTPs at 2 mM each, 0.5 - 1.0 units of AmpliTaq polymerase (Applied 
Biosystems, Foster City, CA) and 3 mM MgCl2 in 10 mM Tris-HCl buffer pH 8.3. PCR 
was performed using a Perkin Elmer 2700 Thermal cycler programmed for 35 cycles 
with a denaturation (96
oC - 30 sec), annealing (68
oC for AluyMICB, 62
oC for other - 45 
sec) and extension (72
oC - 45 sec) step at each cycle. The reaction products were 
analysed by horizontal gel electrophoresis in 2% agarose using Tris-borate-EDTA 
running buffer. Fragments of different sizes were produced for either the presence or the 
absence of the POALIN; a single fragment of different sizes for the 2 homozygous and 
two fragments for the heterozygous samples. Two DNA samples from the International 
Histocompatability Workshop (IHW) panel were used as controls, one homozygous for 
the absence and the other homozygous for the presence of Alu insertions. Mixtures of the 
two above controls were also included as heterozygous controls with each PCR run.  
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Analysis 
Allele frequencies (AF) were calculated using the formula: AF=sum of each individual 
allele/2N, where N equals the total number of individuals. Hardy-Weinberg equilibrium 
analysis was performed for each POALIN. Three POALIN loci haplotypes (three class I 
alpha block POALINs) made up from AluyHJ, AluyHG and AluyHF were constructed 
for each individual sample. Five POALIN loci haplotypes were constructed from all five 
MHC class I POALINs (AluyMICB, AluyTF, AluyHJ, AluyHG and AluyHF) for each 
individual sample.  Haplotype frequencies (HF) were determined using the Arliquin 
computer program (Schnieder et al 2000). Genetic distances were determined by using 
Nei’s method in the Gendist program from PHYLLIP (Felsenstein 1993). Phylogenic 
trees from the genetic distances of African and non-African populations were determined 
by using the Neighbor-joining method in the MEGA version 2.0 program (Kumar et al 
2001).  The POALIN data for the non-African populations was obtained from our 
published data and unpublished data reported in this thesis; Australian Caucasian and 
Japanese (Kulski et al 2001, 2002; Dunn et al 2002, 2003), Northeastern Thai (Dunn et al 
2005),  Malay-Chinese (chapter 4.4.2 in thesis) and Mongolian (chapter 4.4.3 in thesis). 
 
 
Results 
 
POALIN frequency distribution 
Table 1 lists the genotypes, allele frequencies and the Hardy-Weinberg equilibrium for 
the 5 POALINs in four Southern African indigenous populations. All five POALINs 
were polymorphic in the populations tested (AluyMICB was not tested in the Khoi due to 
technical constraints and the lack of sufficient DNA). The AluyMICB*2 allele frequency 
was highest in the Sekele San (0.100) and lowest in the SEBantu (0.030). The AluyTF*2 
allele frequency was highest in the !Kung San (0.238) and lowest in the Sekele San 
(0.034). The Khoi has the highest frequency for the AluyHJ*2 allele (0.186), the 
AluyHG*2 allele (0.131) and the AluyHF*2 allele (0.163). All the POALINs for the 
populations tested with 3 genotypes were in Hardy-Weinberg equilibrium (HWE) except 
for AluyHJ in the Sekele San where a significant deviation (p=0.020) from HWE was 
obtained.  
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Distribution of the three loci alpha block POALIN haplotypes 
 
The haplotypes constructed from the three alpha-block POALINs together with their 
frequencies in four Southern African indigenous populations are listed in table 2. None of 
the populations exhibit the full complement of haplotypes (eight haplotypes in total) 
expected from a random association of the alleles from the individual POALIN loci. Six 
of the eight different haplotypes were present in 3 of the 4 populations (SEBantu, Khoi 
and !Kung San) and five different haplotypes were present in the Sekele San population. 
The SEBantu was the only population that had the haplotype containing the insertion 
allele (haplotype “2-2-2”) at all three loci and this haplotype was present at a very low 
frequency (0.009). The ancestral haplotype (absence of the insertion allele at each locus 
site), “1-1-1”, was present at the highest frequency for all 4 populations. Haplotypes with 
a single insertion was the next highest, for example, in the Khoi population, haplotype 
“1-1-2” was present at a frequency of 0.120, haplotype “1-2-1” was present at a 
frequency of 0.078 and haplotype “2-1-1” was present at a frequency of 0.146. Whereas 
the haplotypes with multiple insertion alleles was very low or absent, for example, in the 
Khoi population, haplotype “1-2-2” was present at a frequency of 0.015 and haplotype 
“2-2-1” was present at a frequency of 0.021. The haplotype with all three insertion loci 
present, haplotype “2-2-2” occurred at a very low frequency (0.009) in the SEBantu 
population. Therefore the total frequencies for the multiple insertion haplotypes were; 
0.027 (haplotypes “2-1-2” and “2-2-2”) for the SEBantu, 0.036 (haplotypes “1-2-2” and 
“2-2-1”) for the Khoi, 0.003 (haplotype “2-1-2”) for the Sekele San and 0.056 
(haplotypes “2-1-2” and “2-2-1”) for the !Kung San. The total frequency for the 
haplotype with a single insertion locus (haplotypes “1-1-2”, “1-2-1” and “2-1-1” present 
in all four populations) was 0.157 in the SEBantu, 0.244 in the Khoi, 0.166 in the Sekele 
San and 0.127 in the !Kung San. 
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Distribution of the five loci MHC class I POALIN haplotypes 
 
A list of the five loci MHC class I POALIN haplotype definition (id) and the haplotype 
frequencies for three Southern African populations are presented in table 3. There were 
only two haplotypes with insertion alleles at the five locus sites present in all three 
populations (haplotype ids D and M). The Sekele San population data was determined for 
only five individuals (a small number), therefore the distribution of haplotypes will not 
be a true representative sample of the population. The two larger sample size populations, 
the SEBantu and the !Kung San were used in the comparative analysis. There were nine 
haplotypes shared between the two populations, and five haplotypes not shared between 
them. Haplotype id B and L were present in the SEBantu whereas haplotype ids G, K and 
N were present in the !Kung San. 
 
Phylogenetic analysis 
 
A matrix of genetic distance values for four Southern African, one Caucasian and four 
Asian populations are presented in table 4. The largest genetic distance values were 
between the Malaysian Chinese and the Southern African populations (0.036 to 0.057), 
followed by the distance values between the Mongolian and Southern African 
populations (0.016 to 0.042). Smaller genetic distance values were observed between the 
Southern African populations (0.004 to 0.016) on the one hand and between the Asian 
populations (0.002 to 0.017) and between the Asian and Australian Caucasian 
populations (0.007 to 0.018). These distance values were converted to produce figure 3 
which shows the phylogenetic analysis of the five class I POALINs in the Southern 
African populations and the Asian and Australian Caucasian populations. Two distinct 
clusters were observed, and they were separated into the Asian and Australian Caucasian 
cluster and the Southern African cluster.  
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Discussion 
 
The current analysis indicates that the five MHC class I POALINs were polymorphic in 
all four Southern African populations and supports the previous findings that these 
POALINs are polymorphic in all populations tested to date (Australian Caucasian, 
Japanese, Northeastern Thai, Japanese, Malaysian Chinese and Mongolian). These 
POALINs were variable both within and among populations, but generally the 
frequencies of the insertions were lower within the Southern African populations (with 
one or two exceptions) than the Asian and Caucasian populations, which  had marginally 
higher frequencies. A comparison of these POALINs to those described elsewhere 
(called Alu insertions) showed that the frequencies of the MHC class I POALINs were 
generally lower than the random POALINs described by others (Batzer et al 1994; 
Stoneking et al 1997; Carrol et al 2001; Watkins et al 2001; Antunez-de-Mayolo et al 
2002; Xiao et al 2002). As the ancestral state of the POALIN site is the absence of the 
insertion, meaning that a population with very low (close to zero) frequencies will be a 
represented population closer to the ancestral population. Therefore the African 
populations are likely to be closest to the ancestral population.  
 
The results of phylogenetic analyses indicate that the most probable placement of the 
ancestral population for these five POALINs is in Africa. When placing the root outside 
the African branch in the tree, the resultant tree is not significantly inferior to the optimal 
rooting within the African branch. This latter result is not surprising, since only five loci 
were analysed, which are too few to obtain a reliable indication of population 
relationships (Nei 1987). Analysis of more loci is required to obtain strong statistical 
support for a particular tree topology. Nevertheless, the placement of the root within the 
African branch of the tree does suggest an African origin for the MHC class I POALINs. 
An African origin has similarly been inferred for classical markers (Cavalli-Sforza et al 
1988; Nei and Roychoudhury 1993), DNA RFLP markers (Bowcock et al 1987), 
microsatellite loci (Bowcock et al 1994), and mitochondrial DNA (Cann et al 1987; 
Merriweather et al 1991; Vigilant et al 1991). Such concordant results from a diverse data 
set as above, provides strong support for a recent African origin of modern humans (out- 
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of-Africa hypothesis). An assumption is made that places the populations closest to the 
ancestral form as the region of human origin. 
 
In conclusion, MHC class I POALINs are; (1) polymorphic in African populations and all 
other populations studied, (2) variable between and among Southern African populations, 
and (3) support the out-of-Africa hypothesis. 
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Figure 1. 
Phylogenetic tree of the allele frequencies for the five MHC class I POALINs in the 4 
Southern African populations and the previously studied populations of Asia and 
Australia. Two major clusters are formed, dividing the populations into an African cluster 
and an Asian/Australian cluster. 
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Table 1. Genotype,  PAOLIN allele frequency and Hardy-Weinberg equilibrium
# for 
the Southern African population panel for the 5 POALIN markers. 
          
     Populations    
Markers 
Genotypes, Alu-
Allele and p  SEBantu Khoi 
Sekele 
San 
!Kung 
San 
 n  50  -  10  42 
 AluyMICB*2-2  0  -  0  0 
AluyMICB AluyMICB*1-2  3  -  1  3 
 AluyMICB*1-1  47  -  9  39 
  AluyMICB*2  0.030 -  0.100  0.036 
  p  - -  -  - 
 n  50  33  58  42 
 AluyTF*2-2  0  2  0  3 
AluyTF AluyTF*1-2 10  7  4  14 
 AluyTF*1-1  40  23  54  25 
  AluyTF*2  0.100 0.167  0.034  0.238 
  p  - 0.175  -  0.599 
 n  50  43  60  42 
 AluyHJ*2-2  0  1  1  0 
AluyHJ AluyHJ*1-2 7  14  4  9 
 AluyHJ*1-1  43  28  55  33 
  AluyHJ*2  0.070 0.186  0.049  0.107 
  p  - 0.629  0.020  - 
 n  50  42  60  41 
 AluyHG*2-2  0  0  0  0 
AluyHG AluyHG*1-2  6  11  4  6 
 AluyHG*1-1  44  31  56  35 
  AluyHG*2  0.060 0.131  0.033  0.073 
  p  - -  -  - 
 n  50  43  60  42 
 AluyHF*2-2  0  2  0  0 
AluyHF AluyHF*1-2 9  10  10  5 
 AluyHF*1-1  41  31  50  37 
  AluyHF*2  0.090 0.163  0.082  0.060 
   p  - 0.336  -  - 
# Hardy-Weinberg test determined on polymorphism with 3 
genotypes    
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Table 2.  Alpha-block POALIN haplotype freqencies in 4 Southern African populations    
            
    Haplotype Frequency (AluyHJ-AluyHG-AluyHF) 
Population  n  1-1-1 1-1-2 1-2-1 1-2-2 2-1-1 2-1-2 2-2-1 2-2-2 
SEBantu  50 0.816 0.063 0.051  -  0.043 0.018  -  0.009 
Khoi  42 0.619 0.120 0.078 0.015 0.146  -  0.021  - 
Sekele  60 0.831 0.087 0.033  -  0.046 0.003  -  - 
!Kung  San  41 0.818 0.013 0.063  -  0.051 0.047 0.009  - 
                             
            
 
 
 
 
Table 3. The MHC class 1 POALIN haplotype frequencies in the Southern African populations   
            
         Frequency 
Haplotype Haplotype 
Southeast 
Bantu 
Sekele 
San 
!Kung 
San 
id AluyMICB  AluyTF  AluyHJ  AluyHG  AluyHF  n=50  n=5 n=41 
A  1  1 1 1 1  0.730  0.400  0.645 
B  1  1 1 1 2  0.063  0.200  - 
C  1  1 1 2 1  0.033  -  0.033 
D  1  1 2 1 1  0.035  0.300  0.016 
E  1  1 2 1 2  0.008  -  0.037 
F  1  2 1 1 1  0.056  -  0.155 
G  1  2 1 1 2  -  -  0.015 
H    1  2 1 2 1  0.018  -  0.018 
I    1  2 2 1 1  0.008  -  0.025 
J  1  2 2 1 2  0.009  -  0.010 
K  1  2 2 2 1  -  -  0.010 
L  1  2 2 2 2  0.009  -  - 
M  2  1 1 1 1  0.030  0.100  0.025 
N  2  2 1 2 1  -  -  0.011 
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Table 4. Genetic distance matrix of the four Southern African populations, and the Australian Caucasian, Japanese, Northeastern Thai, Mongolian and Malaysian 
Chinese populations. 
          
 AustCauc  Japanese NEThai  Mongolian 
Malay 
Chinese  SE_Bantu  Khoi   San  Sekele 
           
Japanese  0.007          
NEThai  0.012  0.002         
Mongolian 0.012 0.015 0.017           
Malay  Chinese  0.018 0.012 0.009 0.029         
SE_Bantu  0.026 0.028 0.026 0.041 0.054       
Khoi    0.007 0.012 0.015 0.016 0.036 0.009     
San    Sekele  0.031 0.033 0.031 0.042 0.057 0.005 0.016   
San  !Kung 0.026 0.025 0.023 0.033 0.053 0.004 0.008 0.014 
                          
 
 
Figure 1 
 NE Thai
 Malay Chinese
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4.5  MHC Class I POALIN haplotype analysis 
 
4.5.1 Association of MHC dimorphic Alu insertions with HLA class I and MIC 
genes in Japanese HLA-B48 haplotypes. 
Tissue Antigens 62:259-262. 
 
Dunn DS, Ota M, Inoko H and Kulski JK. (2003) 
 
 
and 
 
4.5.2 The distribution of POALINs within the MHC class I HLA-B7 and HLA-B57 
haplotypes. 
Immunogenetics 56:765-768. 
 
Dunn DS, Tait BD, Kulski  JK. 
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In the study of the AluyMICB and HLA-B associations (chapter 4.3), we observed the 
strong association with the HLA-B48 allele. A large proportion of Japanese with the 
HLA-B48 allele have a MICA gene deletion associated with a MICB null allele. A novel 
positive association between the presence of a polymorphic Alu insertion, AluyMICB, 
within the first intron of the MICB gene and the MICAdel/MICBnull/HLA-B48 haplotype 
for 5 of 6 well-characterized Japanese cell-lines was determined.  The AluyMICB 
insertion was found to be present at a frequency of 0.242 in 86 Japanese tissue donors 
and in 4 of the 5 individuals with the HLA-B48 allele. The AluyMICB insertion was also 
associated with at least three different MICB alleles, *0102, *0107N and *0105, and 
three different HLA-B alleles, B13, B48 and B57, respectively in the 7 Workshop cell-
lines (the 4
th Asia-Oceania Histocompatibility Workshop, and the 10
th International 
Histocompatibility Workshop) and the 6 Japanese cell-lines that were selected for this 
study. Based on the analysis of associations between different polymorphic markers 
within the beta block, the MICB*0102 allele was inferred to be the ancestral form of the 
MICB*0105 and MICB*0107N alleles. The AluyMICB polymorphism can now be used 
to further investigate its relationship with other MICB alleles and consequently their 
origins. Dr. M Ota and Prof. H Inoko supplied the DNA samples and the HLA and 
microsatallite data for the Japanese individuals with the HLA-B48 haplotype. I conducted 
all the Alu laboratory assays and data analysis under the supervision of Prof. J Kulski. 
 
Among the findings with the IHW cell lines, one particular cell line (IHW 9052) from a 
Caucasian haplotype (HLA-A2, -B57, -Cw6) was found to have 4 of the 5 MHC Alu 
insertions whereas 4 different IHW cell-lines with the MHC Caucasoid haplotype HLA-
A3, -B7, -Cw7 had no MHC Alu insertions.   We tested the integrity of this latter finding 
by examining 47 and 8 samples in each of the two different haplotype groups, HLA-A3, -
B7, -Cw7 (7.1 AH) and HLA-A2, -B57, -Cw6 (57.1 AH).   We found two individuals 
(both heterozygotes for AluyMICB) with an MHC POALIN in the 47 samples of the 7.1 
AH group and at least 3 POALINs in five of the eight samples of the 57.1 AH group.  In 
this way, we have shown that some of the MHC POALINs are haplospecific and 
associate strongly with certain groups of HLA class I alleles and MHC ancestral 
haplotypes. However, a more detailed genetic analysis is still required on all five  
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POALINs either as single loci or in combinations (haplotypes) in broader based 
population studies of different HLA haplotypes. Dr. B Tait supplied DNA and HLA data 
and I conducted all the laboratory assays and data analysis. 
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4.5.1 Association of MHC dimorphic Alu insertions with HLA class I and MIC 
genes in Japanese HLA-B48 haplotypes. 
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4.5.2   The distribution of POALINs within the MHC class I HLA-B7 and HLA-B57 
haplotypes. 
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4.6  MHC Class I POALIN and Skin Cancer 
4.6.1  The association between young dimorphic Alu elements within the Major  
          Histocompatibility Complex (MHC) in Skin Cancer Patients in an Australian 
population 
  Manuscript. 
   
  Dunn DS and Kulski JK. 
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Recently, a susceptibility genomic locus was found for skin cancer in the MHC genomic 
region between the MICB and DDR genes using polymorphic microsatellite markers 
(Oka et al 2003). Since we have shown that the POALIN AluyTF is located between the 
MICB and DDR genes (section 4.3), it follows that AluyTF might also be found to be 
significantly associated with skin cancer because its locus is close to the susceptibility 
locus. Dr J Beilby supplied the DNA samples and the data on the skin cancer of the 
samples. I conducted all the laboratory assays and data analysis under the supervision of 
Professor J Kulski.   
 
We therefore determined the frequency of the 5 MHC POALINs in 154 samples of skin 
cancer and 213 samples of controls, and found that the AluyTF frequency was indeed 
significantly associated with skin cancer at the 0.5% significance level.  On the other 
hand, there was no significant association between the other POALINs and skin cancer 
except for possibly AluyMICB which was significant at the 0.05 level. 
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Abstract 
Non-melanoma skin cancer (NMSC) has increased dramatically worldwide, and Australia 
has the highest skin cancer rates.  Genes within the Major Histocompatibility Complex 
(MHC) have been implicated in the development of NMSC. A susceptibility region 
within the MHC class I region has been identified. We have recently identified and 
characterized five polymorphic Alu insertions (POALINs) within the MHC class I region. 
The AluyMICB insertion (AluyMICB*2) was significantly increased (0.05>p>0.01) and 
the AluyTF insertion (AluyTF*2) was highly significantly (p<0.01) increased in NMSC 
patients. MHC class I POALINs that are strongly associated with NMSC and confirmed 
that at least one POALIN is in the disease susceptibility region. 
 
 
Introduction 
 
Extensive studies have shown that over the past 20 years the incidence of non-melanoma 
skin cancer (NMSC) has increased dramatically in the USA and Europe, suggestive of a 
global increase in NMSC (Preston and Stern 1992; Holme et al. 2000). The highest rate 
of skin cancer in the world is in Australia, where it outnumbers all other forms of cancer 
by at least two to one (Giles et al. 1988). Skin cancers are classified as malignant 
melanoma (MM) or non-malignant melanoma (NMSC), and together they are a major 
health issue for the country. Of the non-malignant melanomas, cutaneous squamous cell 
carcinoma (SCC) has the highest incidence in Australia (Staples et al. 1989; Chua et al. 
2002), basal cell carcinoma (BCC) is 10-fold more common in males and 6–7-fold more 
common in females in Western Australia (English et al. 1999), and lethal NMSC occurs 
in the elderly (Nolan et al. 2005). NMSC comprises the most common group of skin 
cancers in Australia (Giles et al. 1988). Although environmental factors contribute 
mainly to the development of NMSC, genetic factors also play a part in the development 
of NMSC (Lowes et al. 1999; Cohen 1999; Armstrong and Kricker 1995; Marks 1996). 
On the basis of clinical and epidemiological evidence it is clear that ultraviolet radiation 
(UVR) is the predominant causal factor in human cutaneous carcinogenesis (Myskoski et 
al. 1981).  
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The (Bouwes Bavinick and Claas 1994; Streilein 1996; Urosevic and Dummer 2003; 
Rodriguez et al. 2004), although the exact mechanisms have not yet been resolved. Many 
positive and negative associations of various HLA alleles and NMSC have been 
described, of which none are absolute (Luongo et al. 2004), even though loss of 
heterozygosity (LOH) of the HLA region has strong implications for inactivating tumor-
suppression genes (Reifenberger et al. 2005; Rodriguez et al. 2005). The MHC and 
NMSC associations are not always in association with HLA alleles (Emtestam et al. 
1996), therefore the associations may be occurring with non-HLA alleles within the 
MHC genomic region. Recently, a positive associated genomic locus was identified for 
NMSC in the MHC class I genomic region between the HLA-C and DDR loci using 
polymorphic microsatellite markers (Oka et al. 2002). We have recently identified and 
characterized five polymorphic Alu insertions (POALINs) within the MHC class I region 
(Kulski et al. 2001, 2002, Dunn et al. 2002, 2003). POALINs represent dimorphic alleles 
(either present or absent at a single site, locus) that are identical by descent (Batzer et al. 
1994), they provide a phylogenetic perspective of human genetic disorders and insights 
into their etiology and evolution (Martinez et al. 2001), and they may be selectively 
neutral and are generally free of homoplasy (Comas et al. 2001). The five MHC class I 
POALINs are located within the 1800kb genomic region from the MICB gene to the 
HLA-F gene. AluyMICB is located in the beta-block within the first intron of the MICB 
gene, approximately 142kb centromeric of HLA-B. AluyTF is located in the region 
between the beta- and kappa-blocks between to the HLA-C and DDR genes, 350kb 
telomeric of HLA-B and 1070kb centromeric of HLA-A. Three of the five POALINs are 
present within the alpha-block; AluyHJ is located close to HLA-J and 83kb centromeric 
of HLA-A, AluyHG is located close to HLA-G and 85kb telomeric of HLA-A, and 
AluyHF is located close to HLA-F and 240kb telomeric of HLA-A.  
 
The POALINs, AluyTF and AluyMICB are close to and within the candidate MHC and 
NMSC associated region. Here, we report on the comparative frequencies of the five 
POALINs between 213 normal controls and 154 NMSC patients as individual loci and as 
haplotypes. 
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Materials and Methods 
Genomic DNA 
Genomic DNA was obtained from 213 normal controls and 154 NMSC patients from the 
Busselton Research Foundation (http://bsn.uwa.edu.au). Busselton is a seaside town in 
Western Australia and the population is predominantly of Caucasian origin. Written 
informed consent was obtained from all subjects and ethics approval was obtained from 
Murdoch University (2002/04). 
 
POALINS and PCR assay 
The five polymorphic Alu insertions (POALINs) used were located in the class I region 
from MICB to telomeric of HLA-F. The PCR assays for the various POALINS were the 
same as those described in previous reports (Kulski et al. 2001, 2002; Dunn et al. 2002, 
2003).  
 
Calculation of frequency and Statistical analysis 
Allele frequencies (AF) were calculated using the formula: AF=sum of each individual 
allele/2N, where N equals the total number of individuals. Hardy-Weinberg equilibrium 
analysis was performed for each of these POALINs. Five loci POALIN haplotypes were 
constructed for each individual sample. Haplotype frequencies and Hardy-Weinberg 
equilibrium were performed using the Arlequin computer program  (Schnieder et al. 
2000).  Fisher’s exact test (Fisher 1970) or a 2x2 contigency (Bradley et al. 1979) test 
was used to determine the significant differences between the controls and NMSC 
patients. The Yates correction for small (<5) expected numbers was included (Bradley et 
al. 1979). 
 
 
Results 
Distribution of POALIN allele frequency   
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A list of the five POALIN genotypes and allele frequencies for the controls and NMSC 
patients and the comparison between the controls and NMSC patients are presented in 
table1. The allele distribution for AluyHJ, AluyHG and AluyHF is similar (p>0.05) 
between the NMSC patients and controls, while the allele distribution is significantly 
different for AluyMICB (0.05>p>0.01) and AluyTF (p<0.01) between the NMSC 
patients and controls. There is an increase proportion (44/308 and 45/308 in patients) of 
the inserted allele (AluyMICB*2 and AluyTF*2) in the patients, and a reduced 
proportion (39/426 and 35/426) in the controls. All of the POALINs are in Hardy-
Weinberg equilibrium except AluyTF in the controls (p<0.01). 
 
 
Distribution of the two-locus POALIN haplotype frequency 
A two-locus haplotype analysis of the five POALINs is listed in table 2. Listed are the 
two-locus haplotype ids, the haplotype frequencies for controls and NMSC patients, and 
the test for differences between controls and NMSC patients (p-value). The haplotype 
AluyMICB*2-AluyHJ*2 show the largest significant difference (p<0.01) between controls 
and NMSC patients, the haplotype frequency is increased in NMSC patients. There are an 
additional six different haplotypes with an increased frequency in NMSC patients, but at 
a lower level of significance (p<0.05); AluyMICB*1-AluyTF*2, AluyMICB*2-AluyHG*2, 
AluyMICB*2-AluyHF*1, AluyTF*2-AluyHJ*1, AluyTF*2-AluyHG*2 and AluyTF*2-
AluyHF*1. A decrease in the frequency for haplotype AluyMICB*1-AluyTF*1 is 
observed in the NMSC patients (p<0.01). Therefore a combination of the haplotypes with 
either one of the two Alu insertions (AluyTF or AluyMICB) or both insertions at the two 
loci (AluyTF and AluyMICB) of the two-locus haplotype was significantly increased 
(p<0.01).  
 
Distribution of the five-locus POALIN haplotype frequency  
Table 3 lists the haplotype identity (id), the haplotype definition, the haplotype 
frequencies for controls and NMSC patients, and the test for differences between the 
controls and NMSC patients for each haplotype. The frequencies are similar between the  
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controls and NMSC patients for all the haplotypes identified, except for haplotype Q 
(AluyMICB*2-AluyTF*1-AluyHJ*2-AluyHG*1-AluyHF*1), which is significantly 
increased (p<0.05) in the NMSC patients. 
 
 
Discussion 
NMSC susceptibility region within the MHC has been investigated with HLA alleles 
(Bouwes Bavinck and Claas 1994; Bouwes Bavinck et al. 1997), non-HLA alleles 
(Reifenberger et al. 2005) and microsatellite markers (Oka et al. 2002). The findings 
from the study with microsatellite markers identified a susceptibility region within the 
MHC class I region between CDSN and DDR loci (Oka et al. 2002). We used a novel 
approach whereby we investigated the NMSC susceptibility region within the MHC class 
I with POALINs. The AluyMICB insertion (AluyMICB*2) was significantly increased 
(0.05>p>0.01) in NMSC patients. This POALIN is located about 400 kb centromeric of 
the proposed susceptibility region. The POALIN that is located within the proposed 
susceptibility region, AluyTF showed that the insertion (AluyTF*2) was highly 
significantly (p<0.01) increased in NMSC patients. The remaining POALINs showed no 
significant difference between NMSC patients and controls. All the POALINs were in H-
W equilibrium except for AluyTF in the controls where an increase in the homozygote 
AluyTF*2-2 genotype and a decrease in heterozygote genotype was observed. The two-
locus haplotype analysis supports the POALIN associations. Haplotypes with either the 
AluyMICB*2 allele or the AluyTF*2 allele were significantly increased. Interestingly, the 
haplotype AluyMICB*2-AluyHJ*2 was also significantly increased in NMSC patients. 
The “AluyMICB*2-AluyHJ*2” haplotype stretches across the proposed susceptibility 
region. AluyHJ is locates about 800 kb telomeric of the proposed susceptibility region. 
The extended five-locus POALIN haplotype did not confirm the AluyMICB and AluyTF 
association with NMSC, because the extended haplotype may be influenced by 
recombinations. However, the five-locus POALIN haplotype (haplotype Q) containing 
both AluyMICB*2 and AluyHJ*2 was significantly increased. 
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We have identified POALINs that are strongly associated with NMSC and confirmed that 
at least one POALIN is in the disease susceptibility region. This is another demonstration 
of the value of POALINs in diversity studies and their importance in association (disease) 
studies.  
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Table 1. Comparison of MHC class I POALINs between NMSC patients and controls 
          
     Observed  Numbers
Allele frequency 
(Alu*2) 
Difference 
between Patients 
and Controls 
    Controls Patients Controls Patients Chi  sqr 
POALIN  Genotype  n=213  n=154        p 
         
AluyMICB 2,2  1 2  0.092  0.143  4.922 
 1,2  37  40      0.05>p>0.01 
 1,1  175  112       
          
AluyTF 2,2  5  5  0.082  0.146  8.43 
 1,2  25  35      P<0.01 
 1,1  183  114       
          
AluyHJ 2,2  25  13  0.315  0.302  1.308 
 1,2  84  67      p>0.05 
 1,1  104  74       
          
AluyHG 2,2  16  17  0.284  0.331  1.999 
 1,2  89  68      p>0.05 
 1,1  108  69       
          
AluyHF 2,2  6  5  0.150  0.143  0.307 
 1,2  52  34      p>0.05 
 1,1  155  115       
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Table 2. Two locus haplotype frequencies in NMSC patients and controls, 
and the comparison between the patients and controls 
         
     Haplotype  frequencies   
  Two locus POALIN   Control  Patients   
          haplotype    n=213  n=154  p 
 AluyMICB*1  AluyTF*1  0.845  0.752  0.002 
 AluyMICB*1  AluyTF*2  0.064  0.105   0.043* 
 AluyMICB*2  AluyTF*1  0.073  0.102  0.168 
 AluyMICB*2  AluyTF*2  0.018  0.041   0.067* 
          
 AluyMICB*1  AluyHJ*1  0.607  0.616  0.799 
 AluyMICB*1  AluyHJ*2  0.302  0.241  0.0700 
 AluyMICB*2  AluyHJ*1  0.079  0.082  0.870 
 AluyMICB*2  AluyHJ*2  0.013  0.061   0.001* 
          
 AluyMICB*1  AluyHG*1  0.647  0.584  0.080 
 AluyMICB*1  AluyHG*2  0.261  0.273  0.713 
 AluyMICB*2  AluyHG*1  0.068  0.085  0.408 
 AluyMICB*2  AluyHG*2  0.023  0.058   0.014* 
          
 AluyMICB*1  AluyHF*1  0.782  0.736  0.150 
 AluyMICB*1  AluyHF*2  0.126  0.121  0.822 
 AluyMICB*2  AluyHF*1  0.068  0.121   0.013* 
 AluyMICB*2  AluyHF*2  0.024  0.022  0.871 
          
 AluyTF*1  AluyHJ*1  0.620  0.592  0.437 
 AluyTF*1  AluyHJ*2  0.298  0.262  0.291 
 AluyTF*2  AluyHJ*1  0.065  0.106   0.047* 
 AluyTF*2  AluyHJ*2  0.017  0.040  0.055 
          
 AluyTF*1  AluyHG*1  0.662  0.585  0.032 
 AluyTF*1  AluyHG*2  0.256  0.269  0.679 
 AluyTF*2  AluyHG*1  0.054  0.084  0.103 
 AluyTF*2  AluyHG*2  0.028  0.062   0.026* 
          
 AluyTF*1  AluyHF*1  0.788  0.753  0.270 
 AluyTF*1  AluyHF*2  0.130  0.101  0.222 
 AluyTF*2  AluyHF*1  0.062  0.104   0.038* 
 AluyTF*2  AluyHF*2  0.020  0.042  0.082 
          
 AluyHJ*1  AluyHG*1  0.418  0.385  0.362 
 AluyHJ*1  AluyHG*2  0.267  0.313  0.173 
 AluyHJ*2  AluyHG*1  0.298  0.284  0.687 
 AluyHJ*2  AluyHG*2  0.017  0.018  0.912 
          
 AluyHJ*1  AluyHF*1  0.540  0.563  0.542 
 AluyHJ*1  AluyHF*2  0.145  0.135  0.698 
 AluyHJ*2  AluyHF*1  0.310  0.294  0.656 
 AluyHJ*2  AluyHF*2  0.005  0.008  0.643 
          
 AluyHG*1  AluyHF*1  0.621  0.598  0.532 
 AluyHG*1  AluyHF*2  0.095  0.071  0.242 
 AluyHG*2  AluyHF*1  0.229  0.259  0.364 
 AluyHG*2  AluyHF*2  0.055  0.072  0.348 
          
  *Significant differences between patients and controls. 
 
184
 
Table 3. POALIN haplotypes, frequencies in controls and NMSC patients and test for significant differences.  
        Haplotype*        Controls  Patients     
   AluyMICB  AluyTF  AluyHJ  AluyHG  AluyHF  n=213  n=154  X
2  p 
A 1  1  1  1  1 0.273  0.269  0.005  0.946 
B 1  1  1  1  2 0.065  0.042  0.870  0.351 
C 1  1  1  2  1 0.173  0.172  0.000  0.988 
D 1  1  1  2  2 0.051  0.051  0.001  0.978 
E 1  1  2  1  1 0.271  0.211  1.700  0.192 
F 1  1  2  2  1 0.012  0.006  0.352  0.553 
G 1  2  1  1  1 0.023  0.027  0.080  0.777 
H 1  2  1  1  2 0.008  0.013  0.262  0.609 
I 1  2  1  2  1 0.018  0.045  2.287  0.130 
J 1  2  2  1  1 0.006  0.008  0.080  0.778 
K 1  2  2  2  1 0.010  0.000  1.537  0.215 
L 1  2  2  1  2 0.000  0.012  2.513  0.113 
M 2  1  1  1  1  0.035  0.026  0.224  0.636 
O 2  1  1  2  1 0.014  0.023  0.394  0.530 
Q 2  1  2  1  1 0.011  0.048  4.743  0.029 
S 2  2  1  1  1 0.004  0.010  0.576  0.448 
T 2  2  1  1  2 0.013  0.000  2.033  0.154 
V 2  2  1  2  2 0.000  0.015  3.161  0.075 
X 2  2  2  2  1 0.000  0.011  2.362  0.124 
Z 0  1  1  1  1 0.007  0.006  0.004  0.950 
                             
*  Haplotypes with frequencies <0.005 for both groups not listed (expect < 1 individual with haplotype) 
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4.7   Review of MHC Class I POALINs  
 
4.7.1  Polymorphic Alu insertions within the Major Histocompatibility Complex 
class I genomic region. A brief review. 
Cytogenet & Genome Res (In press). 
 
Kulski JK and Dunn DS. (2005) 
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My supervisor Professor JK Kulski, was invited to write a review on the retroelements 
within the MHC. This brief review outlines the locations of the insertions and sequence 
features of the 5 MHC POALINs, their single site and haplotype frequencies in different 
geographic populations, and their association with different HLA class I genes and 
disease. We show that the MHC POALINs have a potential value as lineage and linkage 
markers for the study of human population genetics, disease associations, pedigree, 
genomic diversity and evolution. 
 
My supervisor Professor JK Kulski wrote the review and I prepared all of the figures and 
tables and assisted with the references. All the data accumulated and analyses during my 
candidature were summarised and used in this review. 
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Abstract 
Most polymorphic Alu insertions (POALINs) belong to a subgroup of the Alu multicopy 
retrotransposon family of short interspersed nucleotide elements (SINEs) that are 
categorized as AluYb8 and AluYa5.  The number of AluYb8/AluYa5 members (~4492 
copies) is significantly less than the ~ one million fixed Alu copies per human genome. 
We have studied the presence of POALINs within the Major Histocompatibility Complex 
(MHC) class I region on the short arm of chromosome 6 (6p21.3) because this region has 
a high gene density, many genes with immune system functions, large sequence 
variations and diversity, duplications and redundancy, and a strong association with more 
than 100 different diseases.  Since little is known about POALINs within the MHC 
genomic region, we undertook to identify some of the members of the AluYb8/AluYa5 
subfamily and to study their frequency of distribution and genetic characteristics in 
different populations. As a result of our comparative genomic analyses, we  identified the 
insertion sites for 5 POALINs distributed within the MHC class I region.  This brief 
review outlines the locations of the insertions and sequence features of the 5 MHC 
POALINs, their single site and haplotype frequencies in different geographic populations, 
and their association with different HLA class I genes and disease. We show that the 
MHC POALINs have a potential value as lineage and linkage markers for the study of 
human population genetics, disease associations, pedigree, genomic diversity and 
evolution. 
 
Introduction to polymorphic Alu insertions (POALINs) 
Human genome diversity and evolution is of major scientific interest in the current 
genomic age.  Since there is an estimated 99.9% DNA sequence identity between 
humans, then up to 0.1% of DNA information (3 million nucleotides) can contribute to 
the differences between individuals within the same population and from different 
population groups. The detection and genetic characterisation of DNA sequence 
differences is important in the fields of health and disease, forensics, paternity, and 
population studies.  There are many different and complementary methods, such as the 
use of microsatellite, single nucleotide polymorphism and haplotype markers, to study 
human genome variability, lineage and evolution (Santos et al., 1997; Judson et al., 2000;  
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Stephens et al., 2001; Matsuzaka et al., 2001; Sachidanandam et al., 2001; Zerjal et al., 
2002; Couzin, 2002).  One of the simplest approaches is to use PCR for the detection of 
polymorphic Alu insertions (POALINs) within the human genome (Roy-Engel et al., 
2001; Watkins et al., 2003).   
 
Alu sequences are the largest family of short interspersed nucleotide elements (SINEs) in 
humans and other primates with more than a million copies per genome (Mighell et al., 
1997; Rowald and Herrera, 2000).  They are derived ancestrally from the 7SL RNA gene 
and have spread throughout the genome by a process of transcription, retrotranscription, 
retrotransposition and insertion in various locations (Ullu and Tschudi, 1984; Deininger 
and Batzer, 1993).  Most Alu elements are fixed within the human genome but some 
remain transcriptionally active, mobile and have not reached fixation (Deininger and 
Batzer, 1991). There are estimates of approximately 4500 polymorphic Alu insertion sites 
within the human genome (Rowald and Herrera, 2000; Roy-Engel et al., 2001; Carroll et 
al., 2001). Because of their mobility, active POALINs are estimated to contribute to at 
least 0.4%-1.0% of human genetic disorders by creating mutations (Deininger and Batzer, 
1999).  The transcribed Alu elements can interact with different proteins (Chang and 
Maraia, 1993; Kropotov et al., 1999; Lukyanov et al., 2000) and appear to have 
multifunctional roles in the modulation and regulation of DNA replication and 
recombination, transcription and translation (Chu et al., 1998; Li and Schmid, 2001).  The 
main Alu DNA binding proteins of the nucleoplasm appear to be ribonucleoproteins that 
bind both Alu DNA and RNA (Lukyanov et al., 2000). 
 
POALINs are biallelic, that is, they are either present or absent at particular sites within 
the genome.  They are easy to detect by PCR, and have proven value as lineage markers 
for the study of human population genetics, pedigree and forensics as well as genomic 
diversity and evolution (Batzer et al., 1996; Stoneking et al., 1997; Rowald and Herrera, 
2000; Roy-Engel et al., 2001; Watkins et al., 2003).  Alu elements provide a phylogenetic 
perspective of human genetic disorders and insights into their etiology and evolution 
(Martinez et al., 2001). They are powerful genomic lineage markers because the two 
allelic forms have known ancestral states, are identical by descent, may be selectively 
neutral and are generally free of homoplasy (i.e., structural resemblance due to  
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parallelism or convergent evolution) (Comas et al., 2001).  However, some fixed or 
recently integrated Alu elements may have evolved in part by gene convergence (Kass et 
al., 1995; Roy et al., 2000).  
 
POALINs have been used to study the effect of entrance, diffusion, admixture, and 
displacement of indigenous populations by different waves of immigrants on the genetic 
structure of expanded populations, such as the 1 billion people living on the subcontinent 
of India (Bamshad et al., 2001). The Alu polymorphisms have been used in a worldwide 
survey of human populations to confirm the African origin of modern humans (Stoneking 
et al., 1997; Antunez-de-Mayolo et al., 2002). POALIN studies also suggest that the north 
Asian, Japanese, Han Chinese and Southeast Asian populations separated from one 
another during early stages of human evolutionary history when the different paternal 
ancestors migrated to prehistoric east and southeast Asia about 53 to 95 K ago (Tajima et 
al., 2002). Some population studies have indicated that greater phylogenetic information 
is contained in Alu insertion frequencies than in allelic frequencies derived from point 
mutations (York et al., 1999). The possibility that mutations have occurred at the same 
locus many different times is a confounding limitation of single nucleotide polymorphism 
(SNP) data in evolutionary studies. The polymorphic Alu elements appear to be free of 
this limitation.  
 
From one to 100 POALIN loci have been used in population studies (Hammer et al., 
1994, 1997; Sherry et al., 1994; Batzer et al., 1994, 1996; Rodriguez-Delfin et al., 1997; 
Comas et al., 2001; de Pancorbo et al., 2001; Nasidze et al., 2001; Watkins et al., 2001; 
Bamshad et al., 2001; Picornell et al., 2002; Calderon et al., 2003; Watkins et al., 2003). 
Because each chromosome has its own unique evolutionary history, a relatively larger 
number of different POALINs may be needed to account for evolutionary and population 
factors such as selection, admixture, bottlenecks, linguistic barriers, disease, gene flow 
and stochastic variation. The identification and classification of more than 100 POALINs 
within different autosomes (Carroll et al., 2001) may increase the power of genetic 
analysis of different population groups and individuals within and between different  
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populations. However, it has been estimated that ~50 autosomal POALINs are sufficient 
to obtain accurate and reliable genetic distance measurements (Watkins et al., 2003).  
 
POALINs and the Major Histocompatibility Complex (MHC) 
Recently, we identified 5 unique POALINs spanning approximately 1.8 Mbs within the 
class I region of the Major Histocompatibility Complex (MHC) on the short arm of 
chromosome 6 (Kulski et al., 2001, 2002a; Dunn et al., 2002, 2003b) that had not been 
previously described in an analysis of more than 4000 recently integrated AluYa5 and 
Yb8 family members (Carroll et al., 2001). The MHC is one of the most polymorphic 
regions of the human genome.  It is also characterised by a high gene density with at least 
a half having immune system functions, a large number of gene duplications and a strong 
association with more than 100 different diseases (Parham, 1999; Kulski et al., 2002b; 
Kulski and Inoko, 2003).   There are large DNA sequence variations within the MHC 
class I region of different human haplotypes (Gaudieri et al., 1999, 2000).  This diversity 
is reflected by the large sequence polymorphisms at the different HLA gene loci 
(http://www3.ebi.ac.uk/Services/imgt/hla/cgi-bin/statistics.cgi). Some regions of the 
MHC, such as the HLA classical class I loci and the MICA gene locus, appear to be 
under strong positive selection favouring heterozygosity to provide the host's immune 
system with an advantage against pathogen variability and infection (Potts and Wakeland, 
1990).  On the other-hand, other regions of the MHC, such as the many non HLA genes 
and the non-classical HLA class I genes, HLA-E, -F and –G, are neutral or under 
moderate to strong negative selection in favour of minimal sequence variation (Le 
Bouteiller, 1994).  In this regard, the stable and neutral characteristics inherent with 
POALINs as lineage markers are advantageous for the study of evolutionary and 
population factors affecting highly variable regions such as the MHC.  
Since very little was known or understood about POALINs within the MHC genomic 
region, we undertook to identify some of the members of the AluYb8/AluYa5 subfamily 
and to study their frequency of distribution and genetic characteristics in different 
populations. As a result of our comparative genomic analyses, we have identified the 
insertion sites for 5 POALINs distributed within the MHC class I region and reported on  
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their genetic characteristics (Kulski et al., 2001, 2002a; Dunn et al., 2002, 2003b). This 
brief review outlines the locations of the insertions and sequence features of the 5 MHC 
POALINs, as well as their single site and haplotype frequencies in different geographic 
populations, and their association with different HLA class I genes and disease. We show 
that the MHC POALINs have a potential value as lineage and linkage markers for the 
study of human population genetics, disease associations, pedigree, genomic diversity 
and evolution. 
 
Identification of POALINs within the MHC class I region 
Our method of identification of POALINs was dependent on the availability of a number 
of different MHC genomic sequences for comparative analysis (Kulski et al., 2001, 
2002a; Dunn et al., 2002, 2003b) using the information derived from RepeatMasker or 
Censor, dot plotting and multiple alignments (Kulski and Dawkins, 1999).   
RepeatMasker and Censor are two independently developed web servers available for 
public use to identify the presence of interspersed repeats in a genomic sequence (Jurka et 
al., 1996).  The genomic sequence under investigation can be compared against a 
database of different retrotransposons, DNA transposons, simple repeats and other 
elements stored in a database (see http://www.girinst.org/ for more details).  The outputs 
are a little different between Censor and RepeatMasker but generally both servers return 
the query sequence with the repeat elements masked or censored and a list of the names, 
orientation, percentage identity and sequence position of the repeat elements. Censor also 
provides a citation and history of the different repeat elements that were identified and 
listed for the query sequence.  
 
We reasoned that the detection of an AluYb8/Ya5 subfamily member by RepeatMasker 
or Censor within the genomic sequence of a particular MHC haplotype would most likely 
yield a POALIN.  Indeed, this was the case for all of the AluYb8/Ya5 subfamily 
members that we identified by RepeatMasker and Censor.  However, one of the 
POALINs, AluyMICB, although identified as an AluYb8 by RepeatMasker and Censor, 
on closer inspection turned out to be a complex mixture of two different Alu subtypes 
(Kulski et al., 2001).  
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Structure and organization of MHC POALINs 
The map of the polymorphic Alu loci within the MHC class I region that we have identified 
and studied is shown in Fig. 1. The POALINs are located in three distinct subgenomic 
regions.  One POALIN, AluyMICB, is found within the first intron of the MICB gene at a 
centromeric location of HLA-B and HLA-C within the beta block. Another POALIN, 
AluyTF, is located between the CDSN and TFIIH genes within the intergenic region 
between the beta and kappa blocks that contain the HLA-C and HLA-E genes, respectively. 
Three POALINs (AluyHJ, AluyHG and AluyHF) are found within the alpha block. AluyHJ 
is centromeric of the HLA-J gene, AluyHG is about equidistant between HLA-A and HLA-
G, and AluyHF is inserted within an HERV-16 sequence just telomeric of HLA-F. 
 
Detection of MHC POALINs by PCR 
Standard PCR methods were used to detect the 5 MHC POALINs in either population or 
cell-line DNA samples. All PCR primers were designed to flank the 5' and 3' flanking 
regions of the Alu insertion sites.  Table 1 shows the primer sets and sequences that were 
used in PCR to detect the MHC POALINs, and their product sizes. The conditions for 
PCR were described previously (Kulski et al., 2001, 2002a; Dunn et al., 2002, 2003b). 
The PCR methods for the detection of the 5 MHC POALINs were first tested and 
optimised in cell-lines and in some of the Australian European, Thai and Japanese DNA 
samples.  PCRs were carried out using standard procedures with a positive and negative 
control and a heterozygote and homozygote control sample as previously described 
(Kulski et al., 2001, 2002a).  In most cases, DNA samples produced the expected 
reactions with the designed primer sets.  Difficulties however, were occasionally 
encountered with the AluyMICB primer set.  This was overcome in most cases by 
modifying the annealing temperature slightly or simply repeating the PCR assay using the 
original conditions. 
 
Frequency of MHC POALINs in different populations 
Table 2 shows the insertion frequencies of the 5 MHC POALINs in Australian 
Europeans, Japanese, Northeastern Thais, Mongolians and three subgroups of sub-
Saharan Africans. The insertion frequencies of the MHC POALINs within each of the 
loci were normally distributed in these populations as estimated by the Hardy Weinberg  
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equilibrium (data not shown). DNA samples (195) for the study of sub-Saharan Africans 
were made available from 4 different population groups by Dr Himladevi Soodyall 
(Population and Evolutionary Genetics Laboratory, Department of Human Genetics, 
School of Pathology, The South African Institute for Medical Research University of 
Witwatersrand, Johannesburg). The sub-Saharan African populations were Khoikhoi 
(Hottentots), Southeastern Bantu (Zulu, and Sotho/Tswana) and two groups of San 
(Bushman), the Sekele and the !Kung.  Generally, the insertion frequencies of the MHC 
POALINs in the different populations were less than 0.4.  Thus, the Alu insertion 
frequencies of the MHC POALINs are relatively lower than insertion frequencies of the 
many other chromosomal POALINs that have been studied in different populations 
(Stoneking et al., 1997; Carrol et al., 2001; Watkins et al., 2001; Antunea-de-Mayolo et 
al., 2002), such as the level of 0.97 and 0.98 for Alu-APO approaching fixation in the 
United Arab Emirates and French, respectively (Stoneking et al., 1997). In a study of 100 
autosomal POALIN loci, the average Alu insertion frequencies for four major population 
groups were 0.559 for Europeans, 0.557 for E. Asians, 0.544 for Indians and 0.463 for 
Africans (Watkins et al., 2003). 
 
Of the 5 MHC POALINs in Table 2, the highest insertion frequencies were 0.378 for 
AluyMICB in Mongolians and 0.376 for AluyHJ in Japanese. In comparison, the lowest 
frequencies were 0.030 in Southeastern Bantu for AluyMICB and 0.034 in Sekele for 
AluyHJ.  The lowest frequency overall was for the AluyHF insertion (0.018) in 
Northeastern Thais, whereas the AluyHF insertion was 0.203 in Australian Europeans 
and 0.163 in the sub-Saharan Khoi.  On average, the frequencies of AluyMICB, AluyHJ, 
AluyHG were greater in the Asians and Australian Europeans than in the sub-Saharan 
Africans.  On the other hand, the highest frequencies for AluyTF insertion were found 
amongst the sub-Saharan Africans, 0.238 in !Kung and 0.167 in Khoi.  Overall, the 
lowest MHC POALIN frequencies were obtained for AluyTF, AluyHJ and AluyHG in 
the San Sekele.  Only the Australian Europeans had a frequency of <0.1 for all of the 
MHC POALINs, whereas the Mongolians and the Khoi had frequencies of <0.1 for 4 of 
the 5 POALINs. However, the Khoi were not tested for AluyMICB. 
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The MHC POALIN frequencies also varied markedly between the subgroups from the sub-
Saharan Africa. Among them, the Khoi had the highest insertion frequencies for AluyHJ, 
AluyHG and AluyHF and the second highest for AluyTF.  There were also differences in 
frequency between the two San (Bushman) groups. For example, the !Kung had the highest 
frequency (0.238) while the Sekele had the lowest frequency (0.034) for AluyTF.  On the 
other hand, the Sekele had a ~3x higher frequency than the !Kung for AluyMICB. The sub-
Saharan Africans are considered to have the greatest molecular diversity amongst all the 
human populations and to be direct descendents of modern humans (Bowcock et al., 1994). 
The large molecular diversity among the sub-Saharan Africans is usually attributed to the 
older age of the population, the higher population size and the greater gene flow. In a 
previous study on Alu dimorphism at 8 loci in 1500 individuals from 34 worldwide 
populations, the African populations were found to exhibit the most between-population 
differentiation, and the population tree was rooted in Africa. In addition, the effective time 
of separation of the African from non-African populations was estimated to be 137,000 plus 
or minus 15,000 years ago (Stoneking et al., 1997). Although our studies have revealed that 
there are different MHC POALIN frequencies between different population groups, a 
greater number of individuals in each population and a greater number of different 
geographic populations are needed for more reliable and varied frequency data sets. 
 
MHC POALIN haplotypes 
Theoretically, there could be a total of 32 possible haplotypes generated randomly at 5 
POALIN loci and 8 haplotypes at 3 POALIN loci.  Table 3 shows the Alu haplotype 
frequencies at the 3 POALIN loci in the MHC alpha block of Australian Europeans, 
Japanese, Northeastern Thai, Mongolians and three subgroups of sub-Saharan Africans.  
It can be seen that all of the 8 theoretical Alu haplotypes at 3 POALIN loci were found 
between the different populations.  However, the most frequent POALIN haplotype 
found at the 3 loci in all of the studied population groups was haplotype A, that is, no Alu 
elements at the polymorphic insertion sites.   This haplotype was more frequent in the 
sub-Saharan Africans (ranging from 0.609 to 0.831) than in the Australian Europeans or 
the Asians (ranging from 0.355 to 0.464). The two other most common POALIN 
haplotypes in the Australian Europeans and Asian populations were haplotypes C and D 
(Table 3).  The likelihood of finding at least one Alu insertion within a haplotype was  
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higher than finding no Alu insertion in the Australian European and Asian populations.  
The likelihood of finding two or more Alu insertions within the MHC alpha was less 
frequent. 
 
Table 4 shows the Alu haplotype frequencies of the MHC POALINs at 5 loci of 
Australian Europeans, Japanese, Northeastern Thai, Mongolians and three subgroups of 
sub-Saharan Africans. As expected, the MHC POALINs at 5 loci yield a greater number 
of haplotypes at a lower frequency than the 3 loci POALIN haplotypes.  Nevertheless, 
haplotype AA (no Alu insertions at 5 loci) was still the most frequent in all of the 
population groups except for the Japanese.  The most frequent haplotype in Japanese was 
haplotype AC which carries the single AluyHJ insertion.  Of the different combinations 
of the alleles at the Alu insertion sites, the most common were haplotype BA (AluyHF 
insertion) in !Kung San, haplotype CA (AluyMICB insertion) and haplotype CC 
(AluyMICB and AluyHJ insertions) in Mongolians, and haplotypes AD (AluyHG 
insertion) and AC (AluyHJ insertion) in Australian Europeans and Asians. 
 
Association between MHC POALINs and HLA class I alleles 
It is assumed that each MHC Alu was first inserted into the genome of an individual with 
a specific haplotype lineage and a particular HLA class I allele and then maintained 
within that lineage.  This event can be seen as having created an ancestral haplotype 
lineage for the particular Alu insertion. The Alu insertions will remain associated by 
lineage and linkage with the same HLA allele with which it was originally linked, unless 
a recombination or crossing over event has broken the original linkage.  In addition, if the 
Alu was inserted in a location close to the HLA allele at a time when the allele first 
evolved, then there will be a very high percentage association (>75%) between the 
POALIN and the HLA allele.  This appears to be the case for some of the Alu insertion 
associations such as between AluyHJ and HLA-A1 and HLA-A24 (Dunn et al., 2002), 
and AluyHG and HLA-A2 (Kulski et al., 2001). Table 5 shows the strongest associations 
that were found between the MHC POALINs and the HLA–A or the HLA-B alleles in 
some different population groups (Northeastern Thais, Japanese, Mongolians and 
Australian Europeans) and International Histocompatibility Workshop (IHW) cell-lines.  
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The strongest associations (>90%) were found between the presence of AluyHG and the 
HLA-A2 alleles, inferring that the AluyHG was originally integrated within the 
progenitor of the HLA-A2 genotype (Kulski et al., 2001). In addition, the polymorphic 
AluyMICB insertion within intron 1 of the MICB gene was associated relatively strongly 
with four different HLA-B alleles, HLA-B13, -B44, -B48 and -B57 (Kulski et al., 2002a; 
Dunn et al., 2003a). This relationship seems to be due to the associated MICB alleles in 
which the AluyMICB was inserted (Dunn et al., 2003a). The other two POALINs, 
AluyHF and AluyTF, are located much further away from the HLA-B and HLA-A loci, 
and consequently are not associated strongly with any particular HLA-B or HLA-A allele 
(Dunn et al., 2003a, 2003b). 
 
Table 6 shows the frequencies of the different MHC alpha block haplotypes consisting of 
the HLA-A alleles and the 3 Alu POALINs, AluyHJ, AluyHG and AluyHF. The analysis 
confirms that the most common association between Alu insertions and HLA-A alleles 
are between AluyHJ and HLA-A1 (haplotype 1C) and HLA-A24 (haplotype 24C), and 
between AluyHG and HLA-A2 (haplotype 2D) and HLA-A24 (haplotype 24D).  HLA-
A2, HLA-A11, HLA-A24 were associated with all three Alu insertions as independent 
haplotypes at varying frequencies. This finding suggests that there may have been 
recombinations between different haplotypes rather than separate Alu insertion events in 
different individuals with the same and/or different HLA-A alleles.   
 
Among the findings with the IHW cell lines, one particular cell line (IHW 9052) from a 
Caucasian haplotype (HLA-A2, -B57, -Cw6) was found to have 4 of the 5 MHC Alu 
insertions whereas 4 different IHW cell-lines with the MHC Caucasoid haplotype HLA-
A3, -B7, -Cw7 had no MHC Alu insertions (Dunn et al., 2003b).   We tested the integrity 
of this latter finding by examining 47 and 8 samples in each of the two different 
haplotype groups,  HLA-A3, -B7, -Cw7 (7.1 AH) and HLA-A2, -B57, -Cw6 (57.1 AH).   
We found two individuals (both heterozygotes for AluyMICB) with an MHC POALIN in 
the 47 samples of the 7.1 AH group and at least 3 POALINs in five of the eight samples 
of the 57.1 AH group.  In this way, we have shown that some of the MHC POALINs are 
haplospecific and associate strongly with certain groups of HLA class I alleles and MHC 
ancestral haplotypes.  Interestingly, the 57.1 AH has been linked with the development of  
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psoriatic disease (Rani et al., 1998), resistance to AIDS (Klein et al., 1998), susceptibility 
to heart disease (Bergfeldt et al., 1997) and hypersensitivity to the HIV-1 reverse 
transcriptase inhibitor, abacavir (Mallal et al., 2002). However, a more detailed genetic 
analysis is still required on all five POALINs either as single loci or in combinations 
(haplotypes) in broader based population studies of different HLA haplotypes. 
 
MHC POALINs and skin cancer   
Recently, a susceptibility genomic locus was found for skin cancer in the MHC genomic 
region between the MICB and DDR genes (Fig. 1) using polymorphic microsatellite 
markers (Oka et al., 2003). It follows that one of the POALINs, AluyTF, might also be 
found to be significantly associated with skin cancer because its locus is close to the 
susceptibility locus.  Therefore, we determined the frequency of the 5 MHC POALINs in 
154 samples of skin cancer and 213 samples of controls, and found that the AluyTF 
frequency was indeed significantly associated with skin cancer at less than 0.005 
significance level.  On the other hand, there was no significant association between the 
other POALINs and skin cancer except for possibly AluyMICB which was significant at 
the 0.05 level (data not shown). 
 
Other MHC indels 
Dot plot analysis of the Cox and PGF sequences shown in Fig. 2 reveals at least 4 indels, 
two SVA indels, an SR indel complex and a HERVK9 indel, three that are 
retrotransposon elements, in the region of the MHC alpha block.  All of these 
retrotransposon indels could be developed as polymorphic indels in a similar way to the 
POALINs.  However, some of the indels, such as L1, HERVK9 and SVA, are of a much 
larger size than the polymorphic Alu insertions and at > 2.5 kb are beyond the scope of 
using standard PCR methods.  In this regard, long range PCR (Ohler and Rose, 1992) 
might be developed to analyse the polymorphisms of some of these indels. 
 
Significance and conclusion  
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Our studies have shown that the 5 MHC POALINs are useful lineage and linkage 
markers for population and disease association studies. The POALINs have specific 
binary patterns (especially as haplotypes) that may be related to different geographic 
populations. They also associate with specific groups of HLA class I alleles, 
microsatellites and MHC ancestral haplotypes, and together may help to better identify 
variations in linkage equilibrium and historical recombination events.   The frequencies 
for 3 of the 5 MHC POALINs were higher in Europeans and/or Asian populations than in 
sub-Saharan Africans.  From this we might infer that some of these MHC POALINs may 
have originated in Asians and Europeans after their migration from Africa and/or after 
the split from the common ancestor. Clearly, more studies are required to explore this and 
other possibilities. In addition, other MHC POALIN loci need to be identified to increase 
the number of different MHC POALIN and increase their power for population 
comparative genome analysis. 
 
In conclusion, the MHC POALINs that we have identified provide new lineage and 
linkage markers for the fine mapping study of different haplotypes and variations in 
linkage disequilibrium across 1.8 Mb of the class I MHC.  The POALINs may also prove 
useful in investigating the origins and history of human populations and in determining 
the role of human diversity in disease risk such as skin cancer.  It may be interesting in 
future studies to also determine whether the MHC POALINs, together with the HLA 
genes and microsatellites, will increase the power of HLA typing for matching donors 
and recipients for organ and tissue transplantations.  The correlations between the 
POALINs, HLA alleles and microsatellites will presumably help to differentiate between 
the influence of intrinsic (e.g, recombinations) and extrinsic factors (eg modes of 
selection) on MHC diversity such as when and how certain HLA alleles have evolved in 
different population groups. 
 
Acknowledgments 
We thank M Bellgard for his support and the following collaborators for having provided us 
with samples for this work H. Inoko, T Naruse, F Christiansen, C Witt, C Leelayuwat, AV 
Rhomphruk, M Phipps, B Tait and H Soodyall.  We also thank Stefan Beck and his  
 
200
collaborators for allowing us to use their sequence data of the COX and PGF cell-lines for 
the construction of the dotplot in Fig. 2. 
 
References 
Antunez-de-Mayolo G, Antunez-de-Mayolo A, Antunez-de-Mayolo P, Papiha SS, 
Hammer M, Yunis JJ, Yunis EJ, Damodaran C, Martinez de Pancorbo M, Caeiro JL, 
Puzyrev VP, Herrera RJ: Phylogenetics of worldwide human populations as 
determined by polymorphic Alu insertions. Electrophoresis 23:3346-3356 (2002). 
Bamshad M, Kivisild T, Watkins WS, Dixon ME, Ricker CE, Rao BB, Naidu JM, Prasad 
BV, Reddy PG, Rasanayagam A, Papiha SS, Villems R, Redd AJ, Hammer MF, 
Nguyen SV, Carroll ML, Batzer MA, Jorde LB: Genetic evidence on the origins of 
Indian caste populations. Genome Res 11:994-1004 (2001). 
Batzer MA, Alegria-Hartman M, Deininger PL: A consensus Alu repeat probe for 
physical mapping. Genet Anal Tech Appl 11:34-38 (1994).  
Batzer MA, Arcot SS, Phinney JW, Alegria-Hartman M, Kass DH, Milligan SM, 
Kimpton C, Gill P, Hochmeister M, Ioannou PA, Herrera RJ, Boudreau DA, Scheer 
WD, Keats BJ, Deininger PL, Stoneking M: Genetic variation of recent Alu 
insertions in human populations.  J Mol Evol 42:22-29 (1996). 
Bergfeldt  L: HLA-B27-associated cardiac disease. Ann Intern Med 127:621-629 (1997). 
Bowcock AM, Ruiz-Linares A, Tomfohrde J, Minch E, Kidd JR, Cavalli-Sforza LL: 
High resolution of human evolutionary trees with polymorphic microsatellites. 
Nature 368:455-457 (1994). 
Calderon R, Carrion M, Perez-Miranda A, Pena JA, Dugoujon JM, Crouau-Roy B: Allele 
variation of DYS19 and Y-Alu insertion (YAP) polymorphisms in Basques: an 
insight into the peopling of Europe and the Mediterranean region. Hum Biol 75:117-
127 (2003). 
Carroll ML, Roy-Engel AM, Nguyen SV, Salem AH, Vogel E, Vincent B, Myers J, 
Ahmad Z, Nguyen L, Sammarco M, Watkins WS, Henke J, Makalowski W, Jorde 
LB, Deininger PL, Batzer MA: Large-scale analysis of the Alu Ya5 and Yb8 
subfamilies and their contribution to human genomic diversity. J Mol Biol 311:17-40 
(2001).  
 
201
Chang D-Y, Maraia RJ: A cellular protein binds B1 and Alu small cytoplasmic RNAs in 
vitro. J Biol Chem 268:6423-6428 (1993). 
Chu WM, Ballard R, Carpick BW, Williams BR, Schmid CW: Potential Alu function. 
Mol Cell Biol 18:58-68 (1998). 
Comas D, Plaza S, Calafell F, Sajantila A, Bertranpetit J: Recent insertion of an Alu 
element within a polymorphic human-specific Alu insertion. Mol Biol Evol 18:85-88 
(2001). 
Couzin J: New mapping project splits the community. Science 296:1391-1393 (2002). 
Deininger PL, Batzer MA: A human-specific subfamily of Alu sequences. 
Genomics 9:481-487 (1991). 
Deininger PL, Batzer MA: Evolutionary analyses of repetitive DNA sequences. 
Methods Enzymol 224:213-232 (1993). 
Deininger PL, Batzer MA: Alu repeats and human disease. Mol Genet Metab 67:183-193 
(1999). 
de Pancorbo MM, Lopez-Martinez M, Martinez-Bouzas C, Castro A, Fernandez-
Fernandez I, de Mayolo GA, de Mayolo AA, de Mayolo PA, Rowold DJ, Herrera RJ: 
The Basques according to polymorphic Alu insertions. Hum Genet  109:224-233 
(2001). 
Dunn DS, Naruse T, Inoko H, Kulski JK: The association between HLA-A aleles and 
young Alu dimorphisms near the HLA-J, -H, and -F genes in workshop cell lines and 
Japanese and Australian populations. J Mol Evol 55:718-726 (2002). 
Dunn DS, Ota M, Inoko H, Kulski JK: Association of MHC dimorphic Alu insertions 
with HLA class I and MHC genes in Japanese HLA-B48 haplotypes. Tissue 
Antigens (2003a In press). 
Dunn DS, Inoko H, Kulski JK: Characterisation of a dimorphic Alu element located 
between the TFIIH and CDSN genes within the MHC by association studies using 
workshop cell lines and Japanese and Australian populations. Electrophoresis 
24:2740-2748 (2003b). 
Gaudieri S, Kulski JK, Dawkins RL, Gojobori T: Extensive nucleotide variability within 
a 370 kb sequence from the central region of the Major Histocompatibility Complex. 
Gene 238:157-161 (1999).  
 
202
Gaudieri S, Dawkins RL, Habara K, Kulski JK, Gojobori T: SNP profile within the 
Human Histocompatibility Complex reveals an extreme and interrupted level of 
nucleotide diversity. Genome Res 10:1579-1586 (2000). 
Hammer MF: A recent insertion of an Alu element on the Y chromosome is a useful 
marker for human population studies. Mol Biol Evol 11:749-761 (1994). 
Judson R, Stephens JC, Windemuth A: The predictive power of haplotypes in clinical 
response. Pharmocogenomics 1:15-26 (2000). 
Jurka J, Klonowski P, Dagman V, Pelton P: CENSOR – a program for identification and 
elimination of repetitive elements from DNA sequences. Comp Chem 20:119-121 
(1996) 
Kass DH, Batzer MA, Deininger PL: Gene conversion as a secondary mechanism in 
SINE evolution. Mol Cell Biol 15:19-25 (1995). 
Klein MR, van der Burg SH, Hovenkamp E, Holwerda AM, Drijfhout JW, Melief CJ, 
Miedema F: Characterisation of HLA-B57-restricted HIV type 1 Gag- and RT-
specific cytotoxic T lymphocyte responses. J Gen Virol 79:2191-2201 (1998). 
Kropotov A, Sedova V, Ivanov V, Sazeeva N, Tomilin A, Krutilina R, Oei SL, 
Griesenbeck J, Buchlow G, Tomilin N: A novel human DNA-binding protein with 
sequence similarity to a subfamily of redox proteins which is able to repress RNA-
polymerase-III-driven transcription of the Alu-family retroposons in vitro. Eur J 
Biochem 260:336-346 (1999).  
Kulski JK, Dawkins, RL: The P5 multicopy gene family in the MHC is related in 
sequence to human endogenous retroviruses HERV-L and HERV-16.  
Immunogenetics 49:404-412 (1999). 
Kulski JK, Dunn D, Hui J, Martinez P, Rhomphruk AV, Leelayuwat C, Tay G, Oka A, 
Inoko H: Alu polymorphism within the MICB gene and association with HLA-B 
alleles. Immunogenetics 53: 975-979 (2002a). (Erratum in Immunogenetics: 544:365 
(2002a).  
Kulski JK and Inoko H: MHC Genes. In the Encyclopedia of the Human Genome. Nature 
Publishing Group. Macmillan Publishers Ltd. Brunel Rd., Houndmills, Basingstoke, 
Hampshire, RG21 6XS, England. Pp 778-785 (2003).  
 
203
Kulski JK, Martinez P, Shiina T, Longman-Jacobsen N, Naruse T, Inoko H, Wang W, 
Williamson J, Dawkins RL: The association between HLA-A alleles and an Alu 
dimorphism near HLA-G. J Mol Evol 53:114-123 (2001). 
Kulski JK, Shiina T, Anzai T, Kohara S, Inoko H: Comparative genomic analysis of the 
MHC: the evolution of class I duplication blocks, diversity and complexity from 
shark to man. Immunol Rev 190:95-122 (2002b). 
Le Bouteiller P: HLA class I chromosomal region, genes, and products: facts and 
questions. Crit Rev Immunol 14:89-129 (1994). 
Li T-H and Schmid CW: Differential stress induction of individual Alu loci: implications 
for transcription and retrotransposition. Gene 276:135-141 (2001). 
Lukyanov DV, Urusova ME, Shcherba KM, Podgornaya OI: Alu-DNA repeat-binding 
protein p68 is part of Alu-RNA containing alpha-RNP. Eur J Biochem 267:2362-
2371 (2000). 
Mallal S, Nolan D, Witt C, Martin AM, Moore C, Sayer D, Castley A, Mamotte C, 
Maxwell D, James I, Christiansen FT: Association between presence of HLA-
B*5701, HLA-DR7, and HLA-DQ3 and hypersensitivity to HIV-1 reverse-
transcriptase inhibitor abacavir. Lancet 359:727-732 (2002). 
Martinez J, Dugaiczyk LJ, Zielinski R, Dugaiczyk A: Human genetic disorders, A 
phylogenetic perspective. J Mol Biol 308:587-596 (2001). 
Matsuzaka Y, Makino S, Nakajima K, Tomizawa M, Oka A, Bahram S, Kulski JK, 
Tamiya G, Inoko H: New polymorphic markers in the human MHC class III region. 
Tissue Antigens 57:397-404 (2001). 
Mighell AJ, Markham AF, Robinson PA: Minireview: Alu sequences. FEBS Letters 
417:1-5 (1997). 
Nasidze I, Risch GM, Robichaux M, Sherry ST, Batzer MA, Stoneking M: Alu insertion 
polymorphisms and the genetic structure of human populations from the Caucasus. 
Eur J Hum Genet 9:267-272 (2001). 
Oka A, Hayashi
 H, Tomizawa
  M, Okamoto
 K, Hui
 J, Kulski
 JK,  Beilby
 J, Inoko
 H and 
Tamiya
 G: Localization of a non-melonoma skin cancer susceptibility region within 
the Major Histocompatibility Complex by association analysis using microsatellite 
markers. Tissue Antigens 61:203-210 (2003).  
 
204
Ohler LD, Rose EA: Optimization of long-distance PCR using a transposon-based model 
system. PCR Methods Appl  2:51-59 (1992). 
Parham P: Virtual reality in the MHC. Immunol Rev 167:5-15 (1999). 
Picornell A, Tomas C, Jimenez G, Castro JA, Ramon MM: Jewish population genetic 
data in 20 polymorphic loci. Forensic Sci Int  125:52-58 (2002). 
Potts WK, Wakeland EK: The maintenance of MHC polymorphism. Immunol Today  
11:39-40 (1990). 
Rani R, Narayan R, Fernandez-Vina MA, Stastny P: Role of HLA-B and C alleles in the 
development of psoriasis in patients from North India. Tissue Antigens 51:618-622 
(1998). 
Raymond M, Rousset F: Genepop (Version 1.2) J Hereditary 86:248-249 (1995). 
Rodriguez-Delfin L, Santos SE, Zago MA: Diversity of the human Y chromosome of 
South American Amerindians: a comparison with blacks, whites, and Japanese from 
Brazil. Ann Hum Genet 61:439-448 (1997). 
Rowold DJ and Herrera RJ: Alu elements and the human genome. Genetica 108:57-72 
(2000). 
Roy AM, Carroll ML, Nguyen SV, Salem A-H, Oldridge AOM, Batzer MA, Deininger 
PL: Potential gene conversion and source genes for recently integrated Alu elements. 
Genome Res 10:1485-1495 (2000). 
Roy-Engel AM, Carroll ML, Vogel E, Garber RK, Nguyen SV, Salem AH, Batzer MA, 
Deininger PL: Alu insertion polymorphisms for the study of human genomic 
diversity. Genetics 61:6640-6648 (2001). 
Santos EJM, Epplen JT, Epplen C: Extensive gene flow in human populations as revealed 
by protein and microsatellite DNA markers. Hum Hered 47: 165-172 (1997). 
Sachidanandam R, Weissman D, Schmidt SC, Kakol JM, Stein LD, Marth G, Sherry S, 
Mullikin JC, Mortimore BJ, Willey DL et al: A map of human genome sequence 
variation containing 1.442 million single nucleotide polymorphisms. Nature 
409:928-933 (2001). 
Schneider S, Roessli D, and Excofier L: Arlequin: a software for population genetics data 
analysis. Version 2.000 (2000). 
Sherry ST, Harpending HC, Batzer MA, Stoneking M: Alu evolution in human 
populations. Genetics 147:1977-1982 (1994).  
 
205
Stephens JC, Schneider JA, Tanguay DA, Choi J, Acharya T, Stanley SE, Jiang R, 
Messer CJ, Chew A, Han JH et al: Haplotype variation and linkage disequilibrium in 
313 human genes. Science 293:489-493 (2001). 
Stoneking M, Fontius JJ, Clifford SL, Soodyall H, Arcot SS, Saha N, Jenkins T, Tahir 
MA, Deininger PL, Batzer MA: Alu insertion polymorphisms and human evolution. 
Evidence for a larger population size in Africa.  Genome Res 7:1061-1071 (1997). 
Tajima A, Pan IH, Fucharoen G, Fucharoen S, Matsuo M, Tokunaga K, Juji T, Hayami 
M, Omoto K, Horai S: Three major lineages of Asian Y chromosomes: implications 
for the peopling of east and southeast Asia. Hum Genet 110:80-88 (2002). 
Ullu E, Tschudi C: Alu sequences are processed 7SL RNA genes. Nature 312:171-172 
(1984).  
Watkins WS, Ricker CE, Bamshad MJ, Carroll ML, Nguyen SV, Batzer MA, Harpending 
HC, Rogers AR, Jorde LB: Patterns of ancestral human diversity: an analysis of Alu-
insertion and restriction-site polymorphisms. Am J Hum Genet 68:738-752 (2001). 
Watkins WS, Rogers AR, Ostler CT, Wooding S, Bamshad MJ, Brassington A-M, 
Carroll, ML, Nguyen SV, Walker JA, Prasad BVR, Reddy PG, Das PK, Batzer MA, 
Jorde LB: Genetic variation among world populations: Inferences from 100 Alu 
insertion polymorphisms. Genome Res 13:1607-1618 (2003). 
York DS, Blum VM, Low JA, Rowold DJ, Puzyrev V, Saliukov V, Odinokova O, 
Herrera RJ: Phylogenetic signals from point mutations and polymorphic Alu 
insertions. Genetica 107:163-170 (1999). 
Zerjal T, Wells RS, Yuldasheva N, Ruzibakiev R, Tyler-Smith C: A genetic landscape 
reshaped by recent events: Y-chromosomal insights into Central Asia. Am J Hum 
Genet 7:466-482 (2002). 
 
  
 
206
Figure Legends: 
Figure 1. Genomic map of the 5 POALINs (boxed) in relation to the HLA, MIC,  
CDSN, TFIIH, DDR and CAT56 loci within the 1800 kb MHC class I region.  Three  
POALINs are located within the alpha block, one each within the beta block and  
the region between the beta and kappa blocks. The distances (kb) on the map  
were calculated from the annotated genbank entries with accession numbers;  
AP000503 to AP000521.   
 
Figure 2. Dotplot analysis of the alpha block nucleotide sequences of COX  
(IHW9022) against PGF (IHW9318). A simplified genomic map of the alpha block is  
shown on the vertical right-hand axis. The large insertion/deletion (indel)  
differences between the two sequences are circled and their indel types  
indicated. Solid arrows show the POALIN differences and the open  
arrow shows the position of an L1 indel observed in other haplotypes. The HLA  
haplotype for COX is HLA-A1, HLA-B8, HLA-Cw7, HLA-DR3 and for PGF is HLA-
A3, HLA-B7, HLA-Cw7, HLA-DR15. The nucleotide sequences of COX and PGF for 
the construction of the dotplot were taken from the Sanger Institute the MHC haplotype 
project web page (http://www.sanger.ac.uk/HGP/Chr6/MHC/ ) with the permission of 
Stefan Beck. 
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Table 1.  Primer sequences and amplicon product sizes for the PCR amplification of 5 MHC POALIN loci.     
               
              
Fragment size 
(bp) 
AluY  Primer Name  Primer Sequence 
Size 
(bp)  AccNo Position -  + 
               
MICB AluyMICB.F  GCCTTCCAATGCCATTCACAG  21  AC006046  38921  38941       
             502  664 
 AluyMICB.R  CTCAGCCCTGCTTTCCCATCT 21  AC006046  38277  38297     
               
TF AluyTF.R  TGCTAGTAATCCGGAAGAGCAAGCGC  26  AC005530  7836  7859    
             659  947 
   AluyTF.F  GTGCCTGGTAAAAATTTAAGAGCTGTA  27  AC005530  7150  7177     
               
HJ AluyHLAJF  AGGCTCTCAGACCAAATAGGT  21  AP000519  11203  11223     
             410  698 
 AluyHLAJR  TGTGTCCAGGTTAAACTTCAG  21  AP000519  11593  11613     
               
HG AluYF11  CAGGACAACCAGTAAAGATGCTGG  24 AF055066  183727  183750    
             540  828 
 AluYR11  GCTTCAGTTAACATGCAAGTTTATGCC 27  AF055066  184241  184267     
               
HF AluyHF.F  GCCTCATGGCCTGAATCTGCCAGTGTCCTT 30  AP000521  124367  124396     
             458  746 
 AluyHF.R  AGACTATACTATAGAGGGCAGGTCAGTTAC  32  AP000521  124794  124825     
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Table 2.  Frequencies of POALINs in 5 population groups and 3 subgroups of sub-Saharan Africans. 
 
                
   Aluy*2 Allele Frequencies 
    Australian   Northeastern   Southeastern  San 
   European Japanese  Thai  Mongolian Bantu  Khoi  Sekele !Kung 
      (n=105)  (n=99)
~  (n=192)  (n=41)  (n=50) (n=43) (n=60) (n=42) 
                
AluyMICB    0.157  0.118  0.117  0.378  0.030 NT 0.100  0.036 
                
AluyTF    0.107  0.083  0.086  0.220  0.100 0.167 0.034 0.238 
                
AluyHJ    0.252  0.376  0.292  0.293  0.070 0.186 0.049 0.107 
                
AluyHG    0.301  0.270  0.292  0.220  0.060 0.131 0.033 0.073 
                
AluyHF    0.203  0.064  0.018  0.098  0.090 0.163 0.082 0.060 
                             
NT = not tested                 
~  Only 87 individuals tested for 
AluyMICB                
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Table 3. Haplotype frequencies of POALINs at 3 loci in in 5 population groups and 3 subgroups of sub-Saharan Africans. 
                     
       Haplotype  frequencies* 
Alu       Australian  Japanese  Northeastern Mongolian Southeastern  Khoi  San 
Haplotype    
Alu 
Haplotype     European    Thai    Bantu    Sekele 
!Kung 
San 
Id AluyHJ  AluyHG  AluyHF  (n=105)  (n=87)  (n=192) (n=41)  (n=50)  (n=43)  (n=60)  (n=42) 
                     
A   1  1  1  0.355  0.364  0.421  0.464  0.816  0.609  0.831  0.818 
B 1  1  2  0.104  0.038  0.016  0.049  0.063  0.120  0.087  0.013 
C 2  1  1  0.224  0.325  0.270  0.256  0.043  0.146  0.046  0.051 
D 1  2  1  0.200  0.199  0.265  0.159  0.051  0.078  0.033  0.063 
E 1  2  2  0.088  0.021  0.003  0.037  -  0.015  -  - 
F 2  2  1  0.017  0.053  0.024  0.024  -  0.021  -  0.009 
G 2  1  2  0.012  -  -  0.012  0.018  -  0.003  0.047 
H 2  2  2  -  -  -  -  0.009  -  -  - 
                                   
* Haplotype frequencies determined by the computer program Arlequin (Schneider et al. 2000)   
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Table 4. Haplotype frequencies of POALINs at 5 loci in in 5 population groups and 3 subgroups of sub-Saharan Africans. 
                       
  5 Loci haplotype     Frequencies. 
Haplotype 
Id  AluyMICB AluyTF AluyHJ AluyHG AluyHF 
Australian 
European 
(n=105) 
Japanese  
(n=99)* 
Northeastern 
hai  (n=192) 
Mongolian  
(n=41) 
Southeastern 
Bantu (n=50) 
!Kung 
  (n=42) 
Sek
n  (n=6
AA 1 1  1  1  1  0.301  0.146  0.345  0.275  0.730  0.641  0.79
AB 1 1  1  1  2  0.068  0.015  0.008 - 0.063  0.032  0.05
AD 1 1  1  2  1  0.154  0.113  0.229  0.095  0.033  -  0.00
AE 1 1  1  2  2  0.056  0.023  0.001 -  - -  -
AC 1 1  2  1  1  0.190  0.248  0.206  0.058  0.035  0.027  0.02
AG 1 1  2  1  2 - -  - 0.019  0.008  0.036  -
AF 1 1  2  2  1 - -  0.019 -  - -  -
BA 1 2  1  1  1  0.043  0.016  0.036  0.084  0.056  0.151  0.0
BD 1 2  1  2  1  0.010  0.038  0.016  0.021  0.018  0.018  0.0
BB 1 2  1  1  2 -  0.011  - 0.016 -  0.014  0.00
BE 1 2  1  2  2  0.013  -  0.018  0.017 - -  -
BC 1 2  2  1  1 - -  -  - 0.008  0.024  -
BG 1 2  2  1  2 - -  0.005  0.004  0.009  0.010  -
BF 1 2  2  2  1 - -  - 0.032 -  0.010  -
CA 2 1  1  1  1  0.011  0.073  0.050  0.155  0.030  0.025  0.02
CB 2 1  1  1  2  0.018  0.016  -  -  - -  -
CD 2 1  1  2  1  0.033  0.019  0.017  0.023 -  -  -
CE 2 1  1  2  2 - -  0.002  0.022 - -  -
CC 2 1  2  1  1  0.034  0.039  0.038  0.110 - -  -
CF 2 1  2  2  1 -  0.027  -  -  - -  -
CG 2 1  2  1  2 - -  - 0.018 - -  -
CH 2 1  2  2  2  0.011  -  - 0.005 - -  -
DA 2 2  1  1  1  0.003  -  -  -  -  -  -
DB 2 2  1  1  2  0.016  -  -  -  -  -  -
DD 2 2  1  2  1  0.009  -  0.004  0.008 -  0.011  0.00
DE 2 2  1  2  2  0.012  -  - 0.007 - -  -
DC 2 2  2  1  1 -  0.005  0.005  0.024 -  -  -
                                     
*  Dataset contained some individuals that had no data at one or more Alu loci.  Haplotype frequencies determined by Arlequin (Schneider et al. 2000) 
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Table 5. The common associations between MHC class I POALIN and HLA-A and HLA-B alleles in 4 
populations and a panel of IHW cell-lines. 
          
 Populations   
 Australian    Northeastern    IHW 
POALIN European  Japanese  Thai  Mongolian  cells 
AluyMICB  B13, B57  B48  B57  B13, B46, B57  B13, B57, B44 
            
AluyTF A29  A51  - 
A11, A30, A38, 
A48 
B15, B18, B38, B47, A1, 
A30, A36 
             
AluyHJ A1,  A9,  A24  A24 
A1, A24, A30, 
A74  A1, A24, A33  A1, A2, A24 
            
AluyHG  A2  A2  A2  A2, A30  A2, A30 
            
AluyHF A29  A26  A26  A26  A2, A26, A33 
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Table 6. Haplotype frequencies of the combination between HLA-A and 3 POALIN loci within the MHC alpha block. 
               
     Haplotype        Haplotype frequency* 
Haplotype 
Id  AluyHJ HLA-A AluyHG  AluyHF 
Australian 
European  Japanese 
Malaysian 
Chinese  
Northeastern 
Thais  Mongolians 
1A 1 A1 1 1  0.025  -  -  0.003 0.024 
1B  1  A1  1  2  - - -  - 0.012 
1C 2 A1 1 1  0.148  0.005  -  0.015 0.049 
1B 2 A1 1 2  0.020  -  -  -  - 
2A 1 A2 1 1  0.017  0.084  -  -  0.012 
2B 1 A2 1 2  0.012  -  -  -  0.012 
2D 1 A2 2 1  0.204  0.146  0.340  0.229 0.180 
2E 1 A2 2 2  0.064  -  0.010  0.003  - 
2F 2 A2 2 1  0.012  0.006  -  -  0.015 
3A 1 A3 1 1  0.115  -  0.005  0.003 0.049 
3B 1 A3 1 2  0.029  -  -  -  - 
3C 2 A3 1 1  0.012  -  -  -  - 
10B 1 A10 1  2  0.018 -  -  -  - 
11A  1  A11  1  1  0.074 0.041 0.107  0.208  0.073 
11C 2 A11 1  1  - 0.023  0.088 0.035 0.024 
11D 1 A11 2  1  - 0.019  0.046 0.031  - 
11F 2 A11 2  1  - 0.012  0.029 0.006  - 
19A 1 A19 1  1 0.039 -  -  -  - 
23A 1 A23 1  1 0.014 -  -  -  0.012 
24A  1  A24  1  1  0.009 0.032 0.012  0.010  0.062 
24C  2  A24  1  1  0.020 0.232 0.183  0.196  0.157 
24D 1 A24 2  1  -  - 0.126  -  - 
24F 2 A24 2  1  - 0.016 -  0.004  - 
25G  2  A24  1  2  - - -  - 0.038 
26A 1 A26 1  1  - 0.021 -  0.005 0.013 
26B 1 A26 1  2  - 0.029 -  0.005 0.036 
26E 1 A26 2  2  - 0.016  0.010  -  - 
29A 1 A29 1  1 0.021 -  -  0.014  - 
29B 1 A29 1  2  0.020 -  -  -  - 
28A 1 A28 1  1 0.017 -  -  -  - 
28B 1 A28 1  2  0.011 -  -  -  - 
28E 1 A28 2  2  0.005 -  -  -  - 
30A 1 A30 1  1  -  - 0.010 0.009 0.027 
30C  2  A30  1  1  - - -  - 0.010 
31A 1 A31 1  1  - 0.064  0.010 0.003 0.049 
33A 1 A33 1  1  - 0.050  0.020 0.129 0.098 
33B 1 A33 1  2  -  - 0.010  -  - 
34/66A  1  34/66  1  1  - - - 0.029 - 
68A  1  A68  1  1  - - -  - 0.024 
69D  1  A69  2  1  - - -  - 0.024 
                             
* Only haplotypes included where the frequency is >0.01 in at least 1 population.    
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Fig 1. 
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Chapter 5  General Discussion 
 
Genetic diversity within the human genome can be measured in both coding and non-
coding genomic regions. We investigated some diversity in both types of genomic 
regions. Allelic diversity of some closely linked loci is associated (inherited together), 
whereby distinct alleles of each locus co-segregate (linkage disequilibrium). The MHC 
class I loci are haplotypic and are proposed to be inherited as conserved haplotype blocks 
(Degli-Esposti et al 1992). HLA-B and MICA are mapped within a conserved haplotype 
block, the beta-block. The present understanding is that there is no (extremely low if any) 
recombination events related to the blocks (Gaudieri et al 1997). Therefore a specific 
haplotype will always have the same set of alleles at the various loci within that 
haplotype. We demonstrated the diversity within the coding region (exons) of the MICA 
gene (extracellular and transmembrane domains) is associated with HLA-B diversity 
(MICA and HLA-B alleles associated). We further demonstrated that the alleles of the 
extracellular domain and transmembrane domain are associated with a different set of 
HLA-B alleles. Therefore the extracellular and transmembrane region diversity evolved 
at a different rate to each other. There is the possibility that the same HLA-B haplotype 
could have a different combination of MICA extracellular and transmembrane alleles 
within the same haplotype but in different individuals. The above possibility has not been 
tested here, but further support of this possibility is discussed below. 
 
A series of published data has demonstrated that the redundancy within the MHC class I 
genomic region contributes to the increased level of diversity (Gaudieri et al 1999; 
Dawkins et al 1999; Kulski et al 2000). Since the MHC class I region is well classified, 
the question arose as to the validity of increased diversity in related duplicated regions. 
The CD1 molecules are related in structure and function to the MHC class I molecules. 
Evidence from phylogenetic analysis shows that the CD1 DNA sequences are more 
closely related to HLA class I genes than to HLA class II genes of the MHC and that they 
probably originated from a common ancestor. The CD1 genomic region (located in 
chromosome a 1q22-23) is said to be paralog of the MHC class I region (Kasahara 1999). 
The CD1 genomic region has 5 duplicons while the MHC class I region has at least 16  
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duplicons. The human CD1 duplicons are smaller in size than the HLA class I duplicons, 
they lack extended homologous sequence, Alu clocks, and other paralogous 
retroelements. In addition, the CD1 duplicons are interrupted by IGRs that are generally 
longer than the IGRs in the MHC alpha-block duplicons. Also, the CD1 duplicons are 
interrupted by IGRs at least 4 to 14 times longer than the CD1 genes themselves. 
Retroelements constitute more than 50% of these genomic regions and have identified 
differences between duplicons and haplotypes mainly as insertions/deletions (indels) 
(Kulski et al 2002b; Gaudieri et al 2000; Stewart et al 2004). 
 
In measuring genetic diversity in the non-coding regions of the genome, markers such short 
tandem repeat (STR or microsatellite) sequences (Pascual et al 2002), single nucleotide 
polymorphisms (SNPs) (Holloway et al 1999) and polymorphic Alu insertions (POALINs) 
(Carroll et al 2001) have been used as non-coding polymorphism in diversity studies. The indels, 
here represented by the POALIN are more stable than STRs and SNPs and are also rarely deleted 
without leaving a trace. Original work by Kulski (Kulski et al 2001) in discovering MHC class I 
POALINs first described and characterise the POALIN designated as AluyHG. Association 
studies and the phylogenetic analysis of HLA-A alleles suggest that the AluyHG sequence was 
integrated within the progenitor of HLA-A2, but has been transferred by recombination to other 
human ancestral populations.  The dimorphic AluyHG element is therefore an important 
diagnostic marker for HLA association studies.  
 
Subsequently, we have identified and characterised four other POALIN within the MHC 
class I genomic region. Our method of identification of POALINs was dependent on the 
availability of a number of different MHC genomic sequences for comparative analysis 
(Kulski et al 2001, 2002; Dunn et al 2002, 2003) using the information derived from 
RepeatMasker or Censor, dot plotting and multiple sequence alignments (Kulski and 
Dawkins 1999).   The POALINs are located in three distinct subgenomic regions.  One 
POALIN, AluyMICB, is found within the first intron of the MICB gene at a centromeric 
location of HLA-B and HLA-C within the beta block. Another POALIN, AluyTF, is 
located between the CDSN and TFIIH genes within the intergenic region between the 
beta and kappa blocks that contain the HLA-C and HLA-E genes, respectively. Three 
POALINs (AluyHJ, AluyHG and AluyHF) are found within the alpha block. AluyHJ is  
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centromeric of the HLA-J gene, AluyHG is about equidistant between HLA-A and HLA-
G, and AluyHF is inserted within an HERV-16 sequence just telomeric of HLA-F.  
 
The strongest associations (>90%) were found between the presence of AluyHG and the 
HLA-A2 alleles, inferring that the AluyHG was originally integrated within the progenitor 
of the HLA-A2 genotype (Kulski et al 2001). In addition, the polymorphic AluyMICB 
insertion within intron 1 of the MICB gene was associated relatively strongly with four 
different HLA-B alleles, HLA-B13, -B44, -B48 and -B57 (Kulski et al 2002a; Dunn et al 
2003a). This relationship seems to be due to the associated MICB alleles in which the 
AluyMICB was inserted (Dunn et al 2003a). The other two POALINs, AluyHF and 
AluyTF, are located much further away from the HLA-B and HLA-A loci, and 
consequently are not associated strongly with any particular HLA-B or HLA-A allele 
(Dunn et al 2003a, 2003b). 
 
All five POALINs are polymorphic in every population we tested. Their alleles are 
normally distributed among the observed genotype, i.e., exhibiting Hardy-Weinberg 
Equilibrium. Differences between populations for the POALINs are present as small 
frequency differences rather that as specific presence or absence of the insertion. 
Phylogeny based on the class I POALINs cluster the Asian populations together but 
clustered away from the Australian Caucasian population. The African populations form 
a separate cluster on their own. Although it was estimated that ~50 autosomal POALINs 
are required to obtain accurate and reliable genetic distance measurements (Watkins et al 
2003), the MHC POALIN analysis in this thesis was in concordance with other large 
scale studies (Bowcock et al 1994).  
 
Theoretically, there could be a total of 32 possible haplotypes generated randomly at 5 
POALIN loci and 8 haplotypes at 3 POALIN loci. However, some haplotypes are not 
present, for example, the haplotype with all POALINs inserted is not present. Less than 
3% of the haplotypes have a POALIN insertion at more than one locus. Even though the 
individual haplotype frequencies appear to be similar, the difference is evident when the 
sum of the single POALIN haplotypes is considered relative to the multiple POALIN 
haplotypes. More single POALIN containing haplotypes than multiple POALIN  
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containing haplotypes were observed when compared to the expected. This difference 
supports the idea that recombination events probably account for the small number of 
multiple POALIN haplotypes and that recombinations may have occurred more 
frequently within the alpha block (Walsh et al 2003) than previously considered 
(Dawkins et al 1999).  
 
The analysis confirms that the most common association between Alu insertions and 
HLA-A alleles are between AluyHJ and both HLA-A1 (haplotype 1C) and HLA-A24 
(haplotype 24C), and between AluyHG and both HLA-A2 (haplotype 2D) and HLA-A24 
(haplotype 24D).  HLA-A2, HLA-A11, HLA-A24 was associated with all three Alu 
insertions as independent haplotypes at varying frequencies. This finding suggests that 
there may have been recombinations between different haplotypes rather than separate 
Alu insertion events in different individuals with the same and/or different HLA-A 
alleles.   
 
Among the findings with the IHW cell lines, one particular cell line (IHW 9052) from a 
Caucasian haplotype (HLA-A2, -B57, -Cw6) was found to have 4 of the 5 MHC Alu 
insertions whereas 4 different IHW cell-lines with the MHC Caucasoid haplotype HLA-
A3, -B7, -Cw7 had no MHC Alu insertions (Dunn et al 2003b).  The integrity of 
haplotype POALIN content was tested, and the 7.1 AH haplotype was relatively free of 
class I POALINs, whereas the HLA-B57 class I haplotype usually contained two or more 
of the 5 class I POALINs. It is evident from the different combinations of POALINs and 
HLA-A alleles that more than one recombination event is needed to explain the formation 
of the different HLA-B57 class I haplotypes.   
 
The AluyMICB insertion in Japanese is associated with four of five HLA-B48 alleles and 
six of 20 other HLA-B alleles (>50% association). On the other hand, the AluyMICB 
insertion in Australian Caucasian’s is mostly associated with HLA-B13 and/or HLA-B57, 
and in Northeastern Thais with HLA-B48 and HLA-B57 but not with HLA-B13 haplotypes 
(Kulski et al 2002a). 
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Thus, the AluyMICB insertion is associated with three different MICB alleles and three 
different HLA-B alleles. Although we suggest a possible relationship between HLA-
B*4801 and MICB*0105, no such linkage has yet been found. In addition, the nucleotide 
and amino acid sequences of HLA-B13, HLA-B48 and HLA-B57 appear phylogenetically 
not to be closely related to each other. Therefore, each MICB allele has co-evolved with 
the HLA-B allele as a consequence of either gradual or simultaneous mutation events at 
two different loci or there may have been recombination events between the MICB and 
HLA-B loci resulting in these particular allelic combinations.  
 
The use of the HLA alleles alone is not enough to define unique haplotypes, as is evident 
from the above findings and from the previous report of a poor relationship between the 
MICA-TM and HLA-B haplotypes (Dunn et al 2000). In order to define extended 
haplotypes accurately, and to better understand their origins, we need to use a much 
larger number of genomic markers than only the HLA class I and MIC gene loci. 
 
Recently, a susceptibility genomic locus was found for skin cancer in the MHC genomic 
region between the MICB and DDR genes using polymorphic microsatellite markers 
(Oka et al 2003). As would be expected, one of the POALINs, AluyTF, being located 
close to the DDR gene, was found to be significantly associated with skin cancer because 
its locus is within the susceptibility locus. In addition, the POALIN, AluyMICB, was also 
associated with skin cancer because its locus is close to the susceptibility locus. 
 
This present study has shown that the 5 MHC POALINs are useful lineage and linkage 
markers for population and disease association studies. The POALINs have specific 
binary patterns (especially as haplotypes) that may be related to different geographic 
populations. They also associate with specific groups of HLA class I alleles, 
microsatellites and MHC ancestral haplotypes, and together may help to better identify 
variations in linkage equilibrium and historical recombination events.   The frequencies 
for 3 of the 5 MHC POALINs were higher in Caucasian and/or Asian populations than in 
sub-Saharan Africans.  From this we might infer that some of these MHC POALINs may 
have originated in Asians and Caucasians after their migration from Africa and/or after 
the split from the common ancestor. Clearly, more studies are required to explore this and  
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other possibilities. In addition, other MHC polymorphic retrotransposon loci need to be 
identified to increase the number of different MHC polymorphic loci and increase their 
power for population comparative genome analysis. Potentially polymorphic 
retrotransposons present within the MHC include the SAV, L1, LTR, HERV and other 
POALIN loci. MHC diversity extended to include the class II and class III genomic 
regions will be valuable in understanding some of the weak correlations between present-
day MHC haplotypes description and disease, epidemiological data, evolution and other 
association studies.  
  
 
 
In conclusion, genetic diversity is present in both coding and non-coding sequences. (I). 
An MHC class I haplotype that is considered to be part of an 'ancestral haplotype' is in 
fact variable, the same MIC gene may have different transmembrane domains.  
(II). The CD1 gene family duplicated long (older) before the MHC class I duplications 
and have larger intervening regions and fewer recent insertion elements. 
(III). The POALINs that we have identified provide evidence for the subdivision of MHC 
class I haplotypes. These POALINs also provide new lineage and linkage markers for the 
fine mapping study of different haplotypes and variations in linkage disequilibrium 
across 1.8 Mb of the MHC class I region.   
(IV). The POALINs may also prove useful in investigating the origins and history of 
human populations and in determining the role of human diversity in disease risk such as 
skin cancer.  
 It may be interesting in future studies to also determine whether the MHC POALINs and 
other polymorphic retrotransposons, together with the HLA genes and microsatellites, 
will increase the power of HLA typing for matching donors and recipients for organ and 
tissue transplantations.  The correlations between the POALINs, HLA alleles and 
microsatellites will presumably help to differentiate between the influences of intrinsic 
(e.g, recombinations) and extrinsic factors (eg modes of selection) on MHC diversity 
such as when and how certain HLA alleles have evolved in different population groups. 
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